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1. Executive Summary
On September 20-22, 2009, a workshop entitled Research Needs and Opportunities for Characterization of 

Activated Samples at X-Ray and Neutron User Facilities, sponsored by Los Alamos National Laboratory, was held in 
Santa Fe, New Mexico. The workshop was motivated by the potential that light and neutron sources have to prof-
fer advances in our understanding of radiation damage and to validate new science-based materials performance 
models. The charge of the workshop addressed measurement needs, current activity, and opportunities that can be 
realized in the next five years and insights that could be realized by new diagnostics and experimental methods. This 
report outlines the content and discussion of the workshop.

Discussions of the anticipated need covered fuels, structural applications, and materials discovery for fission and 
fusion reactors. For fuels priority, needs included characterization of defect distributions, voids, bubbles, cracks, 
precipitates, new chemical phases, alloy species redistribution, recrystallization, and grain growth. For structural 
components, priorities included the improved understanding of the changes in yield, ultimate tensile strength, 
embrittlement, and fracture toughness. Radiation-assisted stress corrosion cracking was also identified as very 
important. For new materials, an improved understanding of the interactions between strengthening features and 
radiation-induced defects was considered crucial.

When considering the opportunities available at existing facilities, the provision of three-dimensional spatial 
distributions of defect and chemical distributions with atomistic resolution were areas of opportunity, especially if 
they have temporal resolution consistent with the phenomena of interest. However, realizing the full potential of user 
facilities will, in many cases, require changes in the infrastructure and the requirements that are necessary for safe 
and efficient handling of activated material.  Moreover, facilities need to provide sample preparation areas and bring 
to bear the full range of diffraction and spectroscopic techniques on increasingly small (and thus more radiologically 
manageable) samples.

Plausible priority research opportunities identified for the next five years included the following: 1. In situ crystal-
lographic response to applied stress in archived irradiated materials; 2. Crack growth under fatigue conditions in ir-
radiated alloys (e.g. zirconium) containing hydrides; and 3. Small angle scattering and diffraction of precipitates (e.g. 
M23C6 particles in Fe9%Cr steels) to explore the formation and strain fields around deformation-induced voids.

In workshop discussions concerning a decadal future facility, numerous opportunities were identified that coupled 
X-ray or neutron probes with an irradiation source: examination of individual grains in activated samples; handling 
and characterization of “large” components; in situ measurement of creep properties in conjunction with radiation 
and helium ingress; and defect kinetics measurements and characterization of spent fuel. No less important are 
handling facilities and hot cells. The requirement to have all the classical post-irradiation microscopy, such as elec-
tron microscopy and ion beam facilities, was integral to the vision. On the decadal time scale, the following areas of 
interest were identified of special import: 1. Materials for Generation 4 reactors; 2. In situ fatigue testing at tempera-
tures that allow the quantification of fatigue-irradiation-creep interaction; and 3. Examination of individual particles to 
see how these interact under deformation with and without irradiation.

If the promise of the so-called nuclear renaissance is to be realized, especially in the United States, the breadth 
and depth of the nuclear science and engineering community must be enhanced substantially. In particular, there is 
a need to revitalize the materials science of radiation damage. It was clear to workshop participants that x-ray and 
neutron sources at national user facilities have an important role to play in this endeavor. Further, in addition to cul-
tural changes that would allow the full exploitation of currently available tools and techniques, new capabilities need 
to be developed if science-based certification is to play a role in the resurgence of nuclear energy. Finally, given the 
magnitude and urgency of the need for carbon-neutral energy, approaches must be found to reduce the time and 
cost associated with licensing and certification.
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Figure 1. After S.J. Zinkle ,OECD NEA Workshop on  
Structural Materials for Innovative Nuclear Energy  
Systems, Karlsruhe, Germany, June 2007, in press
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3. Measurement Needs
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3',.-&(/()+/)V(&/6(-1(<'(<'21+'(0-(.+156(+/40738(06(
+'/61,/<38(5'33(*,7'+6-117(0,(:16-()/6'6>(M15';'+(
3'66(5'33(*,7'+6-117(06(-&'('22')-(12(0++/70/-01,(1,(
2/-0.*'(B-&'(+'641,6'(-1()8)30)(31/76(4+1;07'7(<8(
-':4'+/-*+'()8)30,.(1+(;0<+/-01,6()/*6'7(<8(5/-'+(
5$(9M>$2*##8$N-"#$0*+'6+&$0*(9-"$()$1-*62-6*#1$+-$",0"$
-':4'+/-*+'(/,7(*,7'+(6-+'66T@(/,7(-&'0+(0,-'+/)-01,>

Figure 2. A 7.5-inch diameter nuclear power plant  
pressurizer nozzle (after David Rudland)
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F'607*/3(6-+'66'6(/661)0/-'7@(21+('W/:43'@(50-&(
.0+-&(5'376(0,(,*)3'/+(404'?51+V(B6*)&(/6(,1==3'6(
)316'(-1(-&'(+'/)-1+(4+'66*+'(;'66'3T(/+'(0:41+-/,-(
60,)'(/(5'37(2/03*+'()1*37(+'6*3-(0,(/(3166(12()113/,-(
';',-(B'>.>@(F/70/-01,?0,7*)'7(6-+'66(+'3/W/-01,(12(
5'37'7(-84'("9#(6-/0,3'66(6-''3@I(H>(a</-/@(h>M>(
F11-@(i>(^6&08/:/@(R>(E/V/-/@(M>(C/V/:1-1@(M>(
K,=/0@(/,7(R>(K6/,1(L+1)(!!,7(C8:4>(1,('22')-6(
12(+/70/-01,(1,(H/-'+0/36@(KC%H(C%LY#c$@(4>(Y$@(
_16-1,(!99#T>(C0,)'(-&'(:/.,0-*7'6(12(-&'(+'607*/3(
6-+'66'6(.','+/-'7(<8(5'370,.(/+'(12-',(*,V,15,@(
-&'0+(/66*:'7(;/3*'6(12-',(43/8(/(:1+'(0:41+-/,-(
+13'(0,(30:0-0,.(302'-0:'6(-&/,(-&'(0,?6'+;0)'(6-+'66'6>(
^,(1+7'+(-1(1<-/0,(/(7/:/.'?-13'+/,-('6-0:/-'(12(
+':/0,0,.(302'@(61:'(/66*:4-01,(1+(V,153'7.'(
/<1*-(-&'6'(+'607*/3(6-+'66'6(06(,''7'7(-1(:17'3(
)+/)V(4+14/./-01,(-&+1*.&(5'37'7(:/-'+0/3(5&16'(
-1*.&,'66(&/6(<'',(+'7*)'7(<8(+/70/-01,>(%&*6@(
+/70/-01,?/6606-'7(6-+'66()1++1601,()+/)V0,.(06(;'+8(
0:41+-/,-(-1(<1-&(<1030,.(5/-'+(/,7(4+'66*+0='7(
5/-'+(+'/)-1+6>(%&'(G3')-+0)(L15'+(F'6'/+)&(
^,6-0-*-'(BGLF^T(&/6(:/e1+(,/-01,/3(/,7(0,-'+,/-01,/3(
4+1.+/:6(-1(0,;'6-0./-'(6-+'66()1++1601,()+/)V0,.(
4/+-0)*3/+38(0,(-&'()1,-'W-(12(:17'+,(/*-1:/-'7(
5'370,.(4+/)-0)'6(5&',()1:4/+'7(-1(:/,*/3(
:'-&176(*6'7(0,(-&'(4/6->(%&'(5'376(12(0,-'+'6-(/+'(
12-',()1:430)/-'7(60,)'(-&'8(e10,(<178?)',-'+'7(
)*<0)(4+'66*+'(;'66'3(6-''36(-1()1++1601,(+'606-/,-(
6-/0,3'66(6-''3(/,7(/+'(61:'-0:'6(-&0)V@(0,;13;0,.(
"?[0,>(4040,.(0,(5&0)&(-&'(5'376(/+'(&0.&38(
2(.1-*+,.#'$74$-"#$8,8#$-",2C.#11$N1##$%0$OM;

K,1-&'+(0:41+-/,-(/64')-(12(+'/)-1+(6/2'-8(06(-&'(
0,-'.+0-8(12(-&'(2*'3()3/770,.(/./0,6-(<+'/V/.'(/,7(
-"#$8(-#.-,+&$*#&#+1#$()$)6#&$+.'$%11,(.$8*('62-1$
+'6*3-0,.(2+1:()3/770,.(2/03*+'(06(12()1,607'+/<3'(
0:41+-/,)'>(X1+(=0+)/318()3/770,.@(-&'(066*'6(/+'(
)1++1601,@(&87+07'(/))*:*3/-01,@(.+15-&(7+0;',(
<8(0,-'+.+/,*3/+(6-+/0,6(/,7()+86-/331.+/4&0)(
-#?-6*#>$+.'$#?+2#*7+-,(.$74$1-*#11$%#&'1$,.'62#'$
<8(:/,*2/)-*+'(1+(5'370,.>(N3/770,.(0,-'.+0-8(5033(
<'(12(';',(.+'/-'+()1,)'+,(0,(2*-*+'(2/6-(+'/)-1+(
686-':6(21+(5&0)&(41-',-0/338(0,)+'/6'7(<*+,?*4(
3'/76(-1(.+'/-'+(65'330,.(/,7(&',)'(4+'66*+'(1,(-&'(
)3/770,.>

3.4 New Materials
E'5(:/-'+0/36(12(41660<3'(+'3';/,)'(21+(6-+*)-*+/3(

+88&,2+-,(.1$"+3#$*#2#.-&4$7##.$,'#.-,%#'$)*(/$
+'6'/+)&(1,(61?)/33'7(P','+/-01,("(/,7(#(:/-'+0/36>(
%&'6'(0,)3*7'(1W07'(7064'+601,(6-+',.-&','7(6-''36@(
2'++0-'b</0,0-'(BL`YT(/33186@(/,7(/33186(12(-&'(21+:(
%0"K3N!>(^,(:/,8()/6'6@(-&'8(/44'/+(-1(&/;'(
.117(6-+',.-&(/,7(+/70/-01,(+'606-/,)'(<*-(&/;'(
30--3'(1+(,1(14'+/-01,/3(+')1+7(0,(+'4+'6',-/-0;'(
#?-*#/#$*+',+-,(.$#.3,*(./#.-1;$!"61>$+$12,#.-,%2$
*,7'+6-/,70,.(12(-&'(0,-'+/)-01,6(<'-5'',(
6-+',.-&',0,.(2'/-*+'6(/,7(-&'(+/70/-01,?0,7*)'7(
7'2')-6(06(12(4/+/:1*,-(0:41+-/,)'(02(-&'8(/+'(-1(
7#$2#*-,%#'$)(*$.#9$+88&,2+-,(.1;$B#0*#0+-,(.$()$
/33180,.('3':',-6(/,7(-&'(+13'(12(0,-'+2/)'6(/+'(
-51(0:41+-/,-(/+'/6(12(0,-'+'6->(K,1-&'+(,''7(06(-&'(
41660<030-8(12(0:4+1;0,.()*++',-(:/-'+0/36(50-&0,(-&'(
#.3#&(8#$()$-"#,*$2#*-,%2+-,(.$-($+3(,'$-"#$'*+9.:(6-$
4+1)'66(12()'+-0280,.(/,'5>

F')',-(6-*70'6(&/;'(6&15,(61:'(:/-'+0/36(-&/-(
&/;'(6*4'+01+(+'606-/,)'(-1(+/70/-01,@(21+(0,6-/,)'(-&'(
3/8'+'7(:/-'+0/3(N*E<@(:/8(/--/0,(-&06(<8(;0+-*'(12(
-&'(0,-'+2/)'6>(H/-'+0/36(50-&(6-+',.-&',0,.(2'/-*+'6(
/-(-&'(6)/3'(12(,:(12-',(&/;'(6*4'+01+(:')&/,0)/3(
4+14'+-0'6>(%&'(+'/61,(21+(-&06(0:4+1;':',-(
0,(4+14'+-0'6(:/8(5'33(<'(5&/-(&/44',6(0,(-&'(
0,-'+2/)'6(+/-&'+(-&/,(50-&0,(-&'(.+/0,6>(N3/770,.(
:/-'+0/3(6&156(;107(7',*70,.(,'/+(-&'(.+/0,(
<1*,7/+0'6@(6*..'6-0,.(-&/-(-&'(0,-'+2/)'6(/+'(60,V6(
21+(7'2')-6>(^2(-&06(4+1;'6(-1(<'(-&'(V'8(4&',1:',1,(
-&',(7022+/)-01,(B5&0)&(1+0.0,/-'6(0,()1&'+',-(
'22')-6(0,(-&'(.+/0,6T@(:/8(<'(/(3'66(;/3*/<3'(4+1<'(
-&/,(1,'(5&0)&(06(6',60-0;'(-1()1,70-01,6(0,(.+/0,(
<1*,7/+0'6>((X1+-*,/-'38@(-&'(60='(12(68,)&+1-+1,(
<'/:6(06(<')1:0,.(6:/33'+(5&03'(6-033(+'-/0,0,.(
0,-',60-8>(J0-&0,(-&'(,'W-(7')/7'@(0-(:/8(<'(41660<3'(
-1(4'+21+:(7022*6'(6)/--'+0,.(2+1:(0,-'+2/)'6(6*)&(/6(
.+/0,(<1*,7/+0'6>
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Fig 3. Defect production during radiation     
(after Malcolm Stocks)

4. Near-Term Opportunities (One to Five Years)
4.1 Methods for Transformational Insights 
H*)&(12(5&/-(5'(-&0,V(5'(V,15(/<1*-(4+0:/+8(

7/:/.'(21+:/-01,()1:'6(2+1:(:13')*3/+(78,/:0)6(
BHgT(60:*3/-01,6>(M15';'+@(:*)&('W4'+0:',-/3(
'221+-(:066'6(-&'(64/-0/3(/,7(-':41+/3(+'.0:'6(:16-(
4'+-0,',-(-1(Hg(<8(21)*60,.(1,(31,.(+/,.'(1+(<*3V(
/;'+/.'(4&',1:',/@(6*)&(/6(+'606-0;0-8@(-':4'+/-*+'@(
65'330,.@()1,6-0-*-0;'(+'641,6'(/,7()1++1601,(+/-'6>(
%&*6@(,'5(-1136(-&/-(4+1;07'(-&+''?70:',601,/3(
64/-0/3(706-+0<*-01,6(12(7'2')-(/,7()&':0)/3(
706-+0<*-01,6(50-&(/-1:06-0)(+'613*-01,()1*37(
4+1;'(0,;/3*/<3'@('64')0/338(02(-&'8(&/;'(-':41+/3(
+'613*-01,()1,606-',-(50-&(-&'(4&',1:',/(12(0,-'+'6->

%&'+'(06(/361(/()1:4'330,.(,''7(21+(',.0,''+0,.(
6-*70'6(*60,.(,'5(4+1<'6(-&/-()/,(14'+/-'(*,7'+(
'W-+':'(0++/70/-01,(',;0+1,:',-6>(X1+(2*'36@(066*'6(
12(0,-'+'6-(0,)3*7'(:'3-(-':4'+/-*+'(/6(/(2*,)-01,(12(
/)-0,07'()1:4160-01,(/,7()&':06-+8j(70:',601,/3(
6-/<030-8@(-&'+:/3(4+14'+-0'6@(/,7(:/-'+0/3(7022*601,(
/6(/(2*,)-01,(12()&':06-+8@(-':4'+/-*+'(/,7(
:0)+16-+*)-*+'j(&'/-(.','+/-01,(2+1:(,*)3'/+(
8*(2#11#1P$%$11,(.$8*('62-$+226/6&+-,(.$+.'$
./6(+'3'/6'>(^66*'6(21+()3/770,.(0,)3*7'(6-+',.-&(
/,7(7*)-030-8(/6(/(2*,)-01,(12(:0)+16-+*)-*+'@(
-#/8#*+-6*#>$+.'$2"#/,1-*4P$+2-,.,'#$+.'$%$11,(.$
4+17*)-(7022*601,j(/,7()&':0)/3(+'/)-01,6(/-(2*'3?
)3/7(0,-'+2/)'>(^,('0-&'+()/6'@(-&'(41-',-0/3(-1(:/V'(
:'/6*+':',-6(7*+0,.(60:*3/-'7(2/03*+'6(6*)&(
/6(3166?12?)113/,-(/))07',-6(51*37(/3315(2/03*+'(
:/+.0,6(-1(<'('W431+'7>

g';'314:',-6(/-(-&0+7(/,7(21*+-&(.','+/-01,(30.&-(
61*+)'6(/6(5'33(/6(/-(,'5(,'*-+1,(61*+)'6(6*)&(/6(
-&'(64/33/-01,(,'*-+1,(61*+)'(/-(a/V(+07.'(,/-01,/3(
3/<1+/-1+8(&137(-&'(41-',-0/3(21+(*,4+')'7',-'7(
0,60.&-6(0,-1(2*,7/:',-/3(4+1)'66'6(-&/-(70)-/-'(
*+',+-,(.$'+/+0#;$B#3#*+&$18#2,%$2$+*#+1$()$
,//#',+-#$(88(*-6.,-4$9#*#$,'#.-,%$#'D$',))*+2-,(.$
:'/6*+':',-6(7*+0,.(31/70,.(12(/+)&0;/3(6/:43'6j(
+'607*/3(6-+'66(:'/6*+':',-6(12(6-+*)-*+/3(5'376j(
4+14'+-8(7'-'+:0,/-01,(12(0++/70/-'7(1W07'(7064'+601,(
6-+',.-&','7b,/,1(6-+*)-*+'7(2'++0-0)(6-''36j(0,'3/6-0)(
,'*-+1,(6)/--'+0,.(1,(6/:43'6(12(/-840)/3(061-140)(
)1:4160-01,(B'>.>@(L*(!#!Tj(+'61,/,-(0,'3/6-0)(A?+/8(
12+--#*,.0$5$6(*#12#.2#$/#+16*#/#.-1$N#;0;>$(.$
K:'+0)0*:(/-(&0.&(4+'66*+'T(1+('3':',-/3(:/440,.(
(.$-"#$167:/,2*(.$12+&#$NQ;QR$S/$*#1(&6-,(.M$9,-"$+$
6',60-0;0-8(-1()&':0)/3(64')0'6(12(4/+-6(4'+(<03301,j(
/,7(7';'314:',-(12(/7;/,)'7(W?+/8(/,7(,'*-+1,(
21)*60,.(14-0)6(B'>.>@(21+(6-*70'6(12(01,(<'/:(
0++/70/-'7(3/8'+6T>(

a441+-*,0-0'6(0:430)0-(0,(-&'(\0,/)(N1&'+',-(\0.&-(
C1*+)'(B\N\CT(5'+'(/(2+'Z*',-(21)*6>(%&'(41-',-0/3(
12(\N\C(-1(1<6'+;'(50-&(40)1?6')1,7(+'613*-01,@(
7'2')-6@(-&'0+(0,-'+/)-01,6(/,7(78,/:0)6(:/8(3'/7(-1(
7#--#*$2"+*-,.0$()$'+/+0#$8+-"9+41$N1##$%$0$RM;$!"#$
&0.&(0,-',60-8(6&1+-(4&1-1,(4*36'6(122'+('W4'+0:',-/3(
8(-#.-,+&$-"+->$)(*$-"#$%$*1-$-,/#>$2(/8&#/#.-1$
&0.&(4'+21+:/,)'()1:4*-0,.(/-1:06-0)(:17'36(/-(
-&'(6&1+-'6-(+'3';/,-(64/-0/3(/,7(-':41+/3(6)/3'6>(
F'/30=0,.(-&06(41-',-0/3(5033(+'Z*0+'(-&'(7';'314:',-(
12(-')&,0Z*'6(-&/-()/,(*6'(6*)&(+/70/-01,(61*+)'6(
-1(:'/6*+'(,*)3'/-01,(12(7'2')-()3*6-'+6@(<*<<3'6b
;1076@(0:/.'(70631)/-01,6@(.+/0,(<1*,7/+0'6@(/,7(
4+')040-/-'6@(/,7(7':1,6-+/-'(-&'(0,-'+/)-01,(12(
70631)/-01,6(50-&(7'2')-()3*6-'+6@(<*<<3'6@(/,7(;1076>
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4.2 Radiography and Tomography(
A?+/8(-1:1.+/4&8()/,(<'(4*+6*'7(*60,.(

3/<1+/-1+8(1+(68,)&+1-+1,(61*+)'6(-&/-()1:43':',-(
1,'(/,1-&'+(<8(0,;'6-0./-0,.()1:41,',-6(1;'+(/(
+/,.'(12(3',.-&(6)/3'6>(\/<1+/-1+8(-1:1.+/4&8(
)/,('22')-0;'38()1;'+(-&'(64/-0/3(+/,.'(12(Y?Y9(
S/$-+C,.0$7#-9##.$+$"+&)$"(6*$+.'$TQ$"(6*1$)(*$
/(6)/,>(^-(&/6(<'',(/4430'7(-1()1:41,',-6(12(-&'(
1+7'+(12(/(:0330:'-'+(0,(:/W0:*:(70:',601,(6*)&(
/6()+/)V(.+15-&(0,(,*)3'/+(.+/4&0-'@(7/:/.'(0,(
\0%0a"(D4'<<3'6I(21+(2*601,(<3/,V'-6(/,7(%F^Ca(
2*'3('3':',-6>(g'2')-6(0,(-&'(C0N()1/-0,.(/+1*,7(/(
%F^Ca(4/+-0)3'()/,(+'/7038(<'(+'613;'7>(N1,;'+6'38(
68,)&+1-+1,(-1:1.+/4&8@()/++0'7(1*-(/-(:/e1+(*6'+(
2/)030-0'6@(/,7(-&'+'21+'(+'Z*0+0,.(:1+'(1+./,0=/-01,@(
2(3#*1$-"#$1,U#$*+.0#$Q;O:T;Q$S/$9,-"$12+.$-,/#1$
+/,.0,.(<'-5'',(/(2'5(6')1,76(/,7(/,(&1*+>(BM0.&(
','+.8(:0)+1-1:1.+/4&8@(50-&(/(+'613*-01,(12(9>!(
S/$,.$+$)#9$1#2(.'1>$"+1$7##.$+88&,#'$-($3,#9,.0$
)+/)V(.+15-&(0,()1:4/)-(-',601,(6/:43'6(0,(+'/3(
-0:'>T(K4430)/-01,6(-1(;06*/30=0,.(7'2')-6(0,(/,(
0++/70/-'7(:0)+16-+*)-*+'(/+'('/68(-1(',;0601,>

E'*-+1,(-1:1.+/4&8(50-&(/(+'613*-01,(12(!99(
S/$2(.-,.6#1$-($7#$&,/,-#'$74$-"#$+3+,&+7,&,-4$()$
&0.&(+'613*-01,@(-51?70:',601,/3(7'-')-1+6(/,7(
74$56?;$G#3#*-"#&#11$.#9$)+2,&,-,#1$+*#$7#,.0$
<*03-(0,(K*6-+/30/(21+('W/:0,/-01,(12(+/701/)-0;'(
)1:41,',-6@(/,7(,'5(.','+/3(*6'+(2/)030-0'6(/+'(
<'0,.(<*03-(/-(-&'(^C^C(,'*-+1,(61*+)'(0,(-&'(U,0-'7(
R0,.71:(/,7(/-(-&'(C4/33/-01,(E'*-+1,(C1*+)'(/-(
a/V(F07.'(E/-01,/3(\/<1+/-1+8>(%&'()1,-0,*1*6(
64/33/-01,(61*+)'(/-(-&'(L/*3(C)&'++'+(^,6-0-*-'(0,(
C50-='+3/,7@(06(*6'7(-1('W/:0,'(3/+.'(/,7(&0.&38(
+/701/)-0;'(6/:43'6>(^,(60-*/-01,6(5&'+'(-&'(*6'+(
2/)030-8(06(/-(/(30)',6'7(,*)3'/+(60-'(-&'(31.06-0)6(12(
#?+/,.,.0$+2-,3#$2(/8(.#.-1$+*#$0*#+-&4$1,/8&,%#'$
<')/*6'(12(4+'?'W06-0,.('W4'+0',)'(12(-+/,641+-/-01,(
/,7(&/,730,.(066*'6>

g022+/)-01,()1,-+/6-(-1:1.+/4&8(/33156(/(:/4(
-1(<'(:/7'(12(-&'(.+/0,6(/,7(-&'0+(<1*,7/+0'6(
<8()1++'3/-01,(12(-&'(.+/0,(0:/.'(0,(-&'(W?+/8(
-+/,6:0--'7(<'/:(/,7(-&'(7022+/)-'7(\/*'(641-(
0:/.'(12(-&'(.+/0,>(%&06(-113(&/6(<'',(*6'7(-1(
/+8$0*+,.$0*(9-">$0*+,.$7(6.'+*4$/(',%2+-,(.>$
+')+86-/330=/-01,@(/,7(4&/6'()&/,.'6>(J0-&(
:0)+1?-1:1.+/4&8(1,(-&'(6/:'(6/:43'@(1,'(
)/,(6*4'+0:416'(-&'(0:/.'(12(/(4+14/./-0,.(
2*+2C$(.$-"#$0*+,.$/+8$-($%.'$(6-$9",2"$0*+,.$
<1*,7/+0'6(/+'(6'3')-'7(21+()+/)V(.+15-&>(%&06(06(/,(
0::',6'38(415'+2*3(-113(21+()&/+/)-'+0=0,.(7'2')-(
706-+0<*-01,6@(;1076@(/,7(<*<<3'6(1,(-&'(6)/3'(12(-&'(
:0)+16-+*)-*+'>

L&/6'()1,-+/6-(-1:1.+/4&8(06(</6'7(1,()&/,.'6(0,(
+'2+/)-0;'(0,7'W(/,7@(-&'+'21+'@(4&/6'(/-(<1*,7/+0'6(
<'-5'',(+'.01,6(12(/(6/:43'(50-&(7022'+',-(7',60-0'6>(
%&'(-')&,0Z*'(12-',(4+1;07'6(0:/.'6(0,(60-*/-01,6(
21+(5&0)&(-+/,6:06601,(</6'7(-1:1.+/4&8(06(
0,6',60-0;'>(%&'(:'-&17(&/6(/)&0';'7(6*))'66'6(0,(
<0131.8(<*-(&/6(,1-(8'-(<'',(/4430'7(-1(/)-0;/-'7(
:/-'+0/36>

4.3 Scattering
C:/33?/,.3'(6)/--'+0,.(*60,.(W?+/86(/,7(

,'*-+1,6(06(/()1::1,(/44+1/)&(21+(6-*70'6(12(
,."(/(0#.#,-,#1$2(3#*,.0$1,U#$*+.0#1$)*(/$V$68$-($
TQ$S/$N61,.0$6&-*+$1/+&&:+.0&#$-#2".,@6#1M;$B/+&&:
/,.3'(,'*-+1,(6)/--'+0,.(:'/6*+':',-6(BCKECT(
/,7(*3-+/?6:/33?/,.3'(6)/--'+0,.(&/;'(:'/6*+'7(-&'(
706-+0<*-01,(12(;1076(/,7(7'2')-6(0,(1W07'(7064'+601,(
6-+',.-&','7(6-''36(<8(*60,.(-&'(:/.,'-0)()+166?
6')-01,(12(-&'(:/-'+0/3(-1(6'4/+/-'(-&'(,1,?:/.,'-0)(
7'2')-(6)/--'+0,.(2+1:(1-&'+(0,&1:1.','0-0'6(0,(
-&'(6-''3(0,(/,(*,/:<0.*1*6(5/8>(CKEC(&/6(<'',(
/361(*6'7(-1(:/4()+''4()/;0-/-01,(B6''(X0.*+'(#T(
0,(+'/)-1+(4+'66*+'(;'66'3(6-''36()316'(-1(-&'(-1'(12(
+$9#&';$NB##$WX6+.-,%2+-,(.$()$2*##8$2+3,-+-,(.$
7/:/.'(/+1*,7(/()+/)V(0,(/(6-/0,3'66(6-''3(4+'66*+'(
;'66'3@I(L>h>(_1*)&/+7@(L>h>(J0-&'+6@(C>K>(H)g1,/37(
/,7(F>R>(M'',/,@(K)-/(H/-'+@($!(!99#(!"k"#>T(
%&'+'(06(,15(1;'+3/4(B/,7(/.+'':',-T(<'-5'',(
+')04+1)/3(64/)'(6)/--'+0,.(:'-&176(12(60=0,.(
8+*-,2&#1$+.'$*#+&$18+2#$-(/(0*+8"4$,.$-"#$TYTQ$S/$
+/,.'>

(
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E'*-+1,(7022+/)-01,(:'/6*+':',-6(12(+'607*/3(
6-+'66(&/;'(<'',(:/7'(60,)'(-&'(Y`S96(<*-(-&'(
/4430)/-01,(-1(0++/70/-'7(:/-'+0/3(06(+'3/-0;'38(,'5>(
H'/6*+':',-6(12(6-+'66'6(0,(0++/70/-'7(5'376(50-&(
!9@999(Fb&+(1,()1,-/)-(&/;'(<'',()/++0'7(1*-(/-(
-&'(N&/3V(F0;'+(E*)3'/+(\/<1+/-1+0'6(12(K-1:0)(
G,'+.8(12(N/,/7/(<8(6-/22(/-(-&'(E/-01,/3(F'6'/+)&(
N1*,)03(12(N/,/7/>(%&'(5'376(5'+'()1,-/0,'7(0,(
64')0/338(7'60.,'7()1,-/0,'+6(6*)&(-&/-(-&'(/)-0;0-8(
1*-607'(-&'()1,-/0,'+(5/6(3'66(-&/,(#(:+b&+(/,7@(
-"#*#)(*#>$1+)#$-($'#8&(4$(.$-"#$*#+2-(*$/+,.$5$((*;$
%&'(+'6*3-6@(0,-'+'6-0,.38@(6&15'7(/(686-':/-0)(
+'7*)-01,(12(+'607*/3(6-+'66(50-&(7/:/.'>(g022+/)-01,(
:'/6*+':',-6(12(0++/70/-'7(315?',+0)&'7(*+/,0*:(
:138<7',*:(2*'3(Bc$(Fb&+(1,()1,-/)-T(&/;'(/361(
<'',(:/7'(0,(6&0'37'7()1,-/0,'+6>(%&'(+'6*3-6(
6&15'7(-&/-(,'5(4&/6'6(/44'/+'7(/2-'+(0++/70/-01,(
43*6(/,(/:1+4&1*6(6)/--'+0,.()1:41,',->(K(
6-+/0.&-21+5/+7('W-',601,(12(-&'(:'-&17(51*37(<'(
-($12+.$-"#$)6#&$#&#/#.-1$-($%$.'$-"#$',1-*,76-,(.$
12(4&/6'6(/6(/(2*,)-01,(12(4160-01,(2+1:(-&'()',-+'(
-1(-&'()3/770,.(.','+/-'7(<8(-&'(-':4'+/-*+'(
706-+0<*-01,(2+1:()',-'+(-1()1+'>(

H0)+17022+/)-01,(4'+:0-6(6-+'66(:'/6*+':',-6(
-1(<'(:/7'(/6(/(2*,)-01,(12(4160-01,(50-&0,(.+/0,6(
<8(-&'(*6'(12(6:/33(W?+/8(<'/:6(.','+/-'7(<8(
_/'=?R0+V4/-+0)V(:0++1+6@(50-&(./*.'(;13*:'6(12(
(*'#*$Q;Z[Q;\[Q;]$S/R;$!",1$+&&(91$-"#$1-*#11#1$-($
<'(:/44'7(1*-(/)+166(.+/0,6@(/+1*,7(7'2')-6(/,7(
70631)/-01,6@(/,7(-15/+76(-&'(.+/0,(<1*,7/+0'6>(
%&06(06(/,1-&'+(415'+2*3(-113(50-&(.117(4+164')-6(
12('/+38(/4430)/-01,(-1(*,7'+6-/,70,.(-&'(6-+'66'6(
/+1*,7(<*<<3'6(/,7(-&'(.','606(12()+/)V6(/,7()+/)V(
2+1,-6>

4.4 APS User Survey(
^,(E1;':<'+(!99S@(/(6*+;'8(./-&'+'7(0,4*-(1,(

-&'(,''76(12(6)0',-06-6(43/,,0,.(-1(*6'(68,)&+1-+1,(
W?+/86(21+('W/:0,0,.(/)-0;/-'7(:/-'+0/36(0,(
)1,,')-01,(50-&(-&'(HF?NK%(4+1e')-(/-(-&'(
K7;/,)'7(L&1-1,(C1*+)'>(X0.*+'($(6&156(-&'(
-#2".,@6#$*#@6,*#/#.-1$-"+-$9#*#$,'#.-,%$#'$,.$-"#$
6*+;'8>(C:/33?/,.3'@(*3-+/?6:/33(/,.3'@(/,7(7022*6'(
6)/--'+0,.(5'+'()1,607'+'7(0:41+-/,-(21+('W/:0,0,.(
7'2')-6>(BC''(g022*6'(A?+/8(6)/--'+0,.(:'/6*+':',-6(
12(410,-(7'2')-6(/,7()3*6-'+6(0,(0+1,@I(F>G>(C-133'+@(
X>h>(J/3V'+@(G>g>(C4')&-@(g>H>(E0)&1361,@(F>^(
_/+/</6&@(L>(l6)/)V@(/,7(P>(^)'@(h>(E*)3>(H/-'+@(
"[c?"c9(!99c(4>(!9`>T(_1-&(7022+/)-01,(50-&(::(
60='(<'/:6(-1(:'/6*+'(4&/6'6(/,7(:0)+17022+/)-01,(
-')&,0Z*'6(-1(1<-/0,(6-+'66(706-+0<*-01,6(1,(-&'(
0*+,.$12+&#$9#*#$,'#.-,%$#';$B6*)+2#$',))*+2-,(.$+.'$
.+/=0,.(0,)07',)'(6:/33(/,.3'(6)/--'+0,.(-1('W/:0,'(
,'/+(6*+2/)'('22')-6(/,7()1++1601,(5'+'()1,607'+'7(
,')'66/+8>(%1:1.+/4&8@(+/701.+/4&8@(4&/6'()1,-+/6-@(
+.'$5$6(*#12#.2#$,/+0,.0$9#*#$+&&$,'#.-,%$#'$+1$
&0.&38(0:41+-/,->(AKXC@(:0)+1?GAKXC(/,7(
W?+/8(4&1-1':06601,(5'+'()1,607'+'7(-1(<'(&0.&38(
;/3*/<3'(64')-+16)140'6>

((

(

Figure 4. Cavities nucleate and join to form a life-limiting 
crack (after Phil Withers)



Y!

%&'(<'/:(60='(+'Z*0+':',-6(5'+'(70;07'7(
.#+*&4$#@6+&&4$7#-9##.$1,U#1$&#11$-"+.$Q;T$S/O>$
7#-9##.$Q;T$+.'$T;QS/O>$+.'$&+*0#$7#+/1$)(*$
<*3V(:'/6*+':',-6>(N1,-+13(1;'+(/(507'(+/,.'(12(
-':4'+/-*+'6(5/6(7'60+'7>($99kY999mN()1++'641,76(
-($",0"$-#/8#*+-6*#$*#+2-(*1$+.'$)61,(.$%$*1-$
5/336>((%':4'+/-*+'6(<'-5'',(+11:(-':4'+/-*+'(
/,7($99mN()1++'641,7(-1(-&'+:/3(+'/)-1+6j(/,7(
)+81.',0)(-':4'+/-*+'6(/+'(61:'-0:'6(*6'7(-1(
:0,0:0='(-&'+:/3(4&1,1,(6)/--'+0,.(5&',(*60,.(
7022*6'(6)/--'+0,.>(H')&/,0)/3(2/)030-0'6(0,)3*7'7(
-&'(/<030-8(-1()/++8(1*-(0,(60-*()+/)V(0,0-0/-01,(/,7(
.+15-&(B6-+'66(/,7(0:/.0,.T(:'/6*+':',-6@(-',601,@(
)1:4+'6601,(/,7(2/-0.*'(/,7(0,-'+,/3(4+'66*+0=/-01,>(
C-+*)-*+/3(/33186(B"9dT()1:4+06'(-&'(3/+.'6-(.+1*4(
12(30V'38(-140)6(213315'7(<8(,*)3'/+(2*'36(B!9dT@(
-+/,6:*-/-01,(4+17*)-6(/,7(/)-0,07'6(B!9dT(/,7(C0N@(
1W07'6@(,0-+07'6@(/,7()/+<07'6(B%F^Ca(2*'36T(B"9dT>(
F'Z*0+':',-6(21+(64')0:',(4+'4/+/-01,@(:1*,-0,.@(
8(&,1",.0>$+.'$26--,.0$9#*#$+&1($,'#.-,%$#';

5. New Tools of Decadal Scope(
5.1 Requirements in a Decadal Future Facility
%&'(,'5(W?+/8(2/)030-0'6()*++',-38(*,7'+(

7';'314:',-(B'>.>@(-&'(2+''?'3')-+1,(3/6'+T('W)''7(
-&'(<+0.&-,'66(12()*++',-(61*+)'6(<8(/(507'(:/+.0,(
61(-&'(30V'30&117(12(<'0,.(/<3'(-1(4+1<'(';',(6:/33'+(
;13*:'6(1;'+(6:/33'+(-0:'(0,-'+;/36(-&/,(/-(4+'6',-(
06(0,';0-/<3'>(

a,(-&'(6')1,7(7/8(12(-&'(51+V6&14@(-&'(
4/+-0)04/,-6()1,607'+'7(5&/-()/4/<030-0'6(:0.&-(<'(
+'Z*0+'7(0,(/(2/)030-8(-&/-()1*37(e*W-/416'(0++/70/-01,(
)/4/<030-8(50-&(/7;/,)'7(4+1<'6(/(7')/7'(0,(-&'(
2*-*+'>(K3-&1*.&(-&'+'(5/6(30--3'()1,6',6*6(1,(5&/-(
,-$9(6&'$-+C#$)(*$12,#.2#:7+1#'$2#*-,%$2+-,(.$-($
6*4'+6'7'(-&'('W06-0,.(D)11V(/,7(311VI(4/+/70.:@(
-&'+'(5/6(,';'+-&'3'66()1,6',6*6(-&/-(.+'/-'+(
/4430)/-01,(12(-&'(,'*-+1,(/,7(W?+/8(61*+)'6(21+(
)&/+/)-'+0=/-01,(51*37(<'(;/3*/<3'>(%&'()/4/<030-8(
-($,**+',+-#$6.'#*$+$3+*,#-4$()$2(.',-,(.1$N%$11,(.$
+'/)-1+6@(01,(<'/:6@(64/33/-01,(61*+)'6@('-)>T(
5/6()1,607'+'7('66',-0/3>(H/-'+0/3(-'6-(+'/)-1+6@(
64/33/-01,(61*+)'6@(/,7(01,(<'/:6(5'+'(/33(706)*66'7>(

Figure 5. APS User Survey: Technique requirements 
(after MeiMei Li)



Y"

F'./+73'66(12(-&'(0++/70/-01,(61*+)'@(7'60+/<3'(
2*,)-01,/30-8(0,(/(7')/7/3(2*-*+'(2/)030-8(0,)3*7'7(
0,(60-*(/,7('W(60-*(:'/6*+':',-6(12(/(+/,.'(12(
4&',1:',/@('>.>@(7022+/)-01,(7*+0,.(31/70,.j(
'W/:0,/-01,(12(0,70;07*/3(.+/0,6(0,(/)-0;/-'7(
6/:43'6j(&/,730,.(/,7()&/+/)-'+0=/-01,(12(D3/+.'I(
)1:41,',-6j(0,(60-*()+''4(4+14'+-0'6(50-&(&'30*:j(
7'2')-(V0,'-0)6(:'/6*+':',-6(50-&(+'613*-01,(
-&/,(1;'+3/4(50-&(:17'36(/,7()&/+/)-'+0=/-01,(12(
64',-(2*'3>(G,.0,''+0,.(+'Z*0+':',-6(5033(30V'38(
<'(71:0,/-'7(<8(,''7(21+(0,60.&-@(4/+-0)*3/+38(
*,7'+(&0.&(<*+,?*4()1,70-01,6@(1,(,'5(2*'3(-84'6(
6*)&(/6(%+061@(HaA@(1+(%&1+0/@(12(5&0)&(5'(&/;'(
)1:4/+/-0;'38(30--3'('W4'+0',)'>(

5.2 Common Scientific Needs
_+'/V-&+1*.&6(0,(*,7'+6-/,70,.(0,(-&'(,'W-(Y9(

8'/+6(/+'(30V'38(-1()1:'(2+1:(-&'()1*430,.(<'-5'',(
-&'1+8(/,7(:17'30,.(50-&('W4'+0:',->(K-(-&'(
'W4'+0:',-/3(3';'3@(-&06(:0.&-()/33(21+(7'60.,0,.(
'W4'+0:',-6(1;'+(-&'(5&13'(+/,.'(12(3',.-&(6)/3'6(
/,7(-0:'(6)/3'6(50-&(0,4*-(2+1:(-&'(:17'3'+6>(K-(
-&'(2/)030-0'6(3';'3@(-&06()/336(21+()1:43':',-/+8(
-')&,0Z*'6@(6*)&(/6(0++/70/-01,(2/)030-0'6@(:17'+,(
'W/:0,/-01,(:'-&176(*60,.(&0.&(0,-',60-8(W?+/86(
/,7(,'*-+1,6@(-&'(:'/,6(-1(&/,73'(-&'(/)-0;'(
:/-'+0/36@(:')&/,0)/3(-'6-0,.(/,7()&':06-+8?+'3/-'7(
/)-0;0-0'6@(/,7(-&'(0,4*-(12(-&'1+06-6(/,7(:17'3'+6>(
%&'(H/-'+0/36(+'6'/+)&()133/<1+/-0;'(/))'66(-'/:(
/-(-&'(/7;/,)'7(4&1-1,(61*+)'(033*6-+/-'6(-&'(;/3*'(
12()1:43':',-/+8(-')&,0Z*'6(<+1*.&-(-1(<'/+(1,(/(
60,.3'(6/:43'(/,7(5'33(6*441+-'7(<8(-&'1+8>

%&'(:/e1+(410,-(&'+'(06(-&/-(-&'(,'5(,1,?
7'6-+*)-0;'(:'-&176(12('W/:0,/-01,()/,('6-/<306&(
-&'(<*3V(<'&/;01+(/,7(-&'(7';'314:',-(12(-&'(
/))*:*3/-0,.(7/:/.'(1;'+(-0:'>(L+';01*6(:'-&176(
4+1;07'7(/(&0.&38(31)/3(;0'5(<*-(,1-(-&'(6-/-06-0)/3(
<'&/;01+(,1+(-&'(-0:'(7';'314:',->(X+1:(-&'(410,-(
12(;0'5(12(7';'3140,.(:17'36(12(-&'(7'2')-(6-+*)-*+'@(
-&'(-0:'(7';'314:',-(06(;0-/3>(J'(&/;'(/(-&'1+'-0)/3(
40)-*+'(12(-&'(21+:/-01,(12(-&'(0,0-0/3()/6)/7'(/,7(
-&'()3*6-'+0,.(-&/-(',6*'6(1;'+(/(6&1+-(64/,(12(-0:'(
</6'7(1,(V0,'-0)(H1,-'(N/+31(:'-&176(BC''(DR0,'-0)(
H1,-'(N/+31(:17'30,.(12()/6)/7'(/.0,.(/,7(7/:/.'(
/))*:*3/-01,(0,(X'?N*(/33186@I(L>F>(H1,/6-'+01@(
_>g>(J0+-&@(/,7(P>F>(a7'--'@(h>(E*)3>(H/-'+@("[Y(
!99c(4>(Y!>T(M15';'+@(&15(-&'()3*6-'+0,.(3'/76(-1(
/(706-+0<*-01,(12(;1076(0,(64/)'(/,7(0,(-0:'@(/,7(

&15(-&'6'(7022*6'(-&+1*.&(-&'(6-+*)-*+'(-1(7';'314(/(
6-'/78?6-/-'(64/-0/3(706-+0<*-01,(06(,1-(V,15,>(%&06(
)1;'+6(/(:*)&(31,.'+(-0:'6)/3'(/,7(,''76(-1(<'(
213315'7>(C0,)'(60:03/+(4+1)'66'6(14'+/-'(-&+1*.&1*-(
-&'(<*3V@(-&'8(:/8(<'(213315'7(50-&(+'4'/-'7(W?+/8(
/,7(,'*-+1,(7022*6'(6)/--'+0,.(:'-&176(5&0)&(
6/:43'(-&'(<*3V(0,(/(6-/-06-0)/3(2/6&01,>(

X1+(Ua!(2*'36@(/(-&'+:/3(,'*-+1,(',;0+1,:',-(
06(+'Z*0+'7(60,)'(-&06(06(-&'(60-*/-01,(0,(4+'6',-(
7/8(+'/)-1+6>(a,'()/,(',;06/.'(:/V0,.(+'4'/-'7(
'W(60-*(:'/6*+':',-6(1,(-&'(6/:'(2*'3(40,(/2-'+(
0,-'+;/36(12(0++/70/-01,(-1(1<6'+;'(-&'(7';'314:',-(
12(-&'(;1076(/,7(<*<<3'6(50-&(-0:'>(a,'()/,(/361(
',;06/.'(:/V0,.(+'4'/-'7(W?+/8(/,7(,'*-+1,(
7022+/)-01,(:'/6*+':',-6(12(-&'(4&/6'()1,-',-(12(
-&'(40,(/6(/(2*,)-01,(12(706-/,)'(2+1:(-&'()',-'+(
12(-&'(40,(/,7(/6(/(2*,)-01,(12(-0:'>(a,'(:/8(
<'(/<3'(-1(:/V'(7022+/)-01,()1,-+/6-(-1:1.+/4&8(
/#+16*#/#.-1$-($%.'$-"#$0*+,.$/(*8"(&(04$+.'$
'W/:0,'(+')+86-/330=/-01,(/6(/(2*,)-01,(12(+/70/3(
4160-01,(/,7(-0:'(02(-&'(./::/(</)V.+1*,7(4+1<3':(
)/,(<'()0+)*:;',-'7>(%&'(Z*'6-01,(12(0,(60-*(
'W/:0,/-01,(12(2*'3(<8(W?+/86(50-&0,(-&'(+/70/-01,(
61*+)'(&/6(<'',(/7;1)/-'7>((C0,)'(4','-+/-01,6(
0,-1(/(64/33/-01,(0++/70/-01,(61*+)'()1*37(<'(:/7'(
2133150,.(-&'(7';'314:',-(12(,'5(4&/6'6(*,7'+(
0++/70/-01,(50-&(&0.&(','+.8(W?+/8(7022+/)-01,(06(
50-&0,(-&'(+'/3:(12(41660<030-8>(\0V'506'@(0-(:/8(
<'(41660<3'(-1('W/:0,'(%F^Ca(2*'36@(/3-&1*.&(-&06(
+'Z*0+'6(/(,'*-+1,(',;0+1,:',-(-/031+'7(-1(+'6':<3'(
/(2/6-(+'/)-1+>(F'4'/-'7(:'/6*+':',-6(-/V',(0,(60-*(
/,7('W(60-*(12(0++/70/-'7(2*'3(51*37(<'(2'/60<3'(*60,.(
-1:1.+/4&8@(7022+/)-01,(-1(07',-028(,'5(4&/6'6(/,7(
-"#,*$',1-*,76-,(.$+.'$0*+,.$2(.%06*+-,(.$2"+.0#1;$
%&'6'(:'/6*+':',-6(51*37(6&15(-&'(7';'314:',-(
1;'+(-0:'(12(-&'(;1076(/,7(<*<<3'6(50-&0,(-&'(2*'3(
/,7(-&'0+(706-+0<*-01,>(g022*6'(6)/--'+0,.(51*37(<'(
',)%26&-$7#2+61#$()$-"#$,."(/(0#.#(61$2(.-#.-$()$
-&'('3':',-(/6(5'33(/6(0-6()830,7+0)/3(6&/4'>

^-(06(7'60+/<3'(-1(71(2/-0.*'(:'/6*+':',-6(50-&0,(
-&'(+/70/-01,(',;0+1,:',->(K4/+-(2+1:(-&'('22')-(
12(':<+0--3':',-(1,()+/)V(.+15-&@(02(-&'(-0:'(6)/3'(
21+(+'3/W/-01,(:/-)&'6(-&'(-0:'(6)/3'(21+(2/-0.*'@(
-&'+'(5033(<'(/(:/+V'7('22')-(12(1,'(*41,(-&'(1-&'+>(
\0V'506'@(0-(06(0:41+-/,-(21+(2/6-(+'/)-1+6@(5&'+'(
-&'(14'+/-0,.(-':4'+/-*+'(06(&0.&'+(-&/,(-&'+:/3(
+'/)-1+6@(-1(7'-'+:0,'(5&'-&'+(&0.&(-':4'+/-*+'(
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)+''4(/22')-6(-&'(2/-0.*'(4+14'+-0'6(12(6-+*)-*+/3(
)1:41,',-6>(%&'+'(06(/(+':1-'(41660<030-8(-&/-(-&'(
&0.&(-':4'+/-*+'()+''4(:/8(/,,'/3(1*-(-&'('22')-(12(
2/-0.*'>(X/-0.*'(:'/6*+':',-6(+'Z*0+'(4','-+/-01,6(
0,-1(-&'(+/70/-01,(61*+)'(-1(-+/,6:0-(-&'()8)30)(21+)'(
-1(-&'(6/:43'@(+/70/-01,(0,6',60-0;'(6-+/0,(./*.'6(/,7(
/(2/0+(/:1*,-(12(64/)'(<*-(/+'(41660<3'>(^-(51*37(<'(
+'3/-0;'38('/68(-1(-/V'(-&'(2/-0.*'7(/,7(0++/70/-'7(
6/:43'6(2+1:(-&'(,'*-+1,(61*+)'(/,7(*6'(,'5(
-1136(-1(311V(21+(;107()3*6-'+0,.(/,7()+/)V(.+15-&(
1+(:/V'(:'/6*+':',-6(12(6-+'66(/+1*,7(-&'()+/)V(
-04(-1(',/<3'(-&'(-&'1+8(12()+/)V(.+15-&>(X1+(,'5(
/+-#*,+&1>$-"#$1+/#$2(.1,'#*+-,(.1$+88&4D$-"#$.##'$
-1(/4438(-',603'(/,7()8)30)(31/76(*,7'+(0++/70/-01,(
/,7(/-(/(;/+0'-8(12(-':4'+/-*+'6(-1(213315(-&'()+''4?
2/-0.*'(0,-'+/)-01,>(%&06(51*37(-&',(<'(213315'7(<8(
'W/:0,/-01,(<8(-&'(,'5(,1,?7'6-+*)-0;'(-1136>

5.3 User Facility Considerations
J0-&(-&'(-1136(/-(&/,7@(-&'('/60'6-(:'/6*+':',-6(

-1(0:43':',-(/77+'66(3',.-&(6)/3'6()316'(-1(-&/-(
()$-"#$/,2*(1-*62-6*#$NTYTQQ$S/M$9"#*#$-"#$-,/#$
7';'314:',-6(/+'(6315'+>(H/,8(:0)+16-+*)-*+/3(
3';'3(:'/6*+':',-6(/+'(12(70+')-(',.0,''+0,.(
+'3';/,)'>(%&'(2/6-'+(3',.-&(6)/3'6(&/;0,.(-1(71(
50-&(-&'(4&860)6(12()/6)/7'(21+:/-01,(/+'(2/+(
&/+7'+(-1(/))'66(50-&(,'*-+1,(0++/70/-01,(-&/,(01,(
<1:</+7:',->

%&*6@(-&'(</60)('W4'+0:',-/3(<*0370,.(<31)V6(/+'(
/(,'*-+1,(0++/70/-01,(2/)030-8@(/,7(-&'(41660<030-8(12(
0,(60-*('W/:0,/-01,(<8(&0.&(','+.8(W?+/86>(E1(3'66(
0:41+-/,-(/+'(&/,730,.(2/)030-0'6(',/<30,.(-',603'(
-'6-0,.(/,7(2/-0.*'(-'6-0,.(12(',.0,''+0,.(6/:43'6(
0,(&1-()'336@(-&'(/<030-8(-1(':4318(/33(-&'(:'-&176(
*60,.(W?+/86(2+1:(/,(0,-',6'(61*+)'(1,(&0.&38(/)-0;'(
6/:43'6@(/,7('/68(/))'66(-1(,'*-+1,(6)/--'+0,.(
-1136(/361(/7/4-'7(21+(&0.&38(/)-0;'(6/:43'6>(a,'(
/361(,''76(-1(&/;'(/33(-&'()3/660)/3(416-?0++/70/-01,(
:0)+16)148@(6*)&(/6('3')-+1,(:0)+16)148>(X1+(
'W/:43'@(0,-'+4+'-0,.(7022*6'(6)/--'+0,.(7/-/()/,(<'(
4+1<3':/-0)(02(-&'+'(/+'(6';'+/3(61*+)'6(12(6)/--'+0,.(
60,)'(-&'(4/+-0)*3/+(V0,7(12(7'2')-()/,,1-(<'(
,'#.-,%#'$9,-"(6-$2(/8&#/#.-+*4$#?+/,.+-,(.;

K,('W-',60;'(4+1.+/:(12(0++/70/-01,(/-(-&'(\16(
K3/:16(E'*-+1,(C)0',)'(N',-'+(B\KECNGT(5/6(
)/++0'7(1*-(7*+0,.(-&'(K))'3'+/-1+(L+17*)-01,(
12(%+0-0*:(BKL%T(4+1.+/:>(^++/70/-01,(50-&(/(
64/33/-01,(61*+)'(/776(/(&0.&(','+.8(-/03(-1(-&'(
.#6-*(.$18#2-*6/$2(/8+*#'$9,-"$+$%11,(.$*#+2-(*;$
H.$+'',-,(.$-"#$8*('62-,(.$()$^#Z$)*(/$K:8+*-,2&#1$
06(/()1*43'(12(&*,7+'7(-0:'6(&0.&'+(-&/,(/-(/(+'/)-1+>(
^,(-&06(+'64')-(-&'(64/33/-01,(64')-+*:(<'.0,6(-1(
/44+1W0:/-'(-1(/(2*601,(64')-+*:>(H/,8(6-+*)-*+/3(
:/-'+0/36@(6-''36(/,7(K3(/33186(5'+'(0++/70/-'7(/,7(
/+)&0;'7>(K(4*36'7(2/6-(,'*-+1,(61*+)'@(-&'(H/-'+0/36(
%'6-(C-/-01,@(H%C@()1*37(<'(0,)1+41+/-'7(0,(-&'(
\KECNG(/))'3'+/-1+()1:43'W>(%&06(51*37(&/;'(/,(
/;'+/.'(0,-',60-8(-&/-(06(-50)'(/6(&0.&(/6(-&'(K%F(
50-&(0,-',60-8(0,(-&'(4*36'(Y9999(-0:'6(&0.&'+>(a,(
-&'(1-&'+(&/,7(-&'(,'*-+1,(64')-+*:(&/6(/(&0.&(
','+.8()1:41,',-()1:4/+'7(50-&(/(-&'+:/3(+'/)-1+(
64')-+*:(/,7(-&'(M'#()1,-',-(06(/<1*-(Y99(-0:'6(
&0.&'+>(_1-&(-&'(&0.&(','+.8(-/03(/,7(-&'(M'#(:17028(
-&'(+'641,6'(12(:/-'+0/36>(

a,'()&/33',.'(21+(/(,'5(2/)030-8(06(+/407(0:4/)-(
/,7(1,'(12(-&'(4+1<3':6(50-&(,'*-+1,(0++/70/-01,(
2/)030-0'6(06(-&'0+(+'3/-0;'38(6315(7/:/.'(+/-'>(
%&*6(-&'+'(06(/(,''7(21+(/))'3'+/-'7(-'6-0,.>(K(;'+8(
0:41+-/,-(4/+-(12(-&'(613*-01,(21+(/))'3'+/-'7(-'6-0,.(
06(01,(<'/:(<1:</+7:',-@(5&0)&()/,(60:*3/-'(
,'*-+1,(7/:/.'>(^1,(<'/:(0++/70/-01,(61*+)'6(
4+1;07'(7/:/.'(+/-'6(-&/-(/+'(-840)/338(6';'+/3(
1+7'+6(12(:/.,0-*7'(2/6-'+(-&/,(/,8()1,)'0;/<3'(
,'*-+1,(0++/70/-01,(2/)030-8>(K3-&1*.&(-&'8(3/)V(-&'(
8#.#-*+-,(.>$%11,(.$)*+0/#.-1$+.'$"#&,6/$8*('62-,(.$
0,(4+1-1-840)(,'*-+1,(0++/70/-01,6(01,(0++/70/-01,(
)/,(6'+;'(/6(/(415'+2*3()1:43':',->(_8()&1160,.(
-&'(<1:</+70,.(01,@(1,'()/,(60:*3/-'(6'32?01,(
'+/+0#$N1+4$J#$+.'$<*$,.$1-+,.&#11$1-##&M$(*$%11,(.$
./6(/))*:*3/-01,>(^,(/(-+043'(<'/:(2/)030-8@(:/-'+0/3(
06(<1:</+7'7(50-&(&'/;8(01,6@(/6(5'33(/6(M?(01,6(
/,7(M'#>(C8,'+.06-0)('22')-6(12(-&'(-&+''(<'/:6(
1,(7/:/.'(&/;'(<'',(+')1.,0='7>(^,(-&'(HF?NK%(
4+1e')-(/-(-&'(K7;/,)'7(L&1-1,(C1*+)'(BKLCT(-&'(
0,-',-(06(-1(<1:</+7(2103(6/:43'6(0,(/(-+043'(<'/:(
/,7('W/:0,'(-&'(7/:/.'(0,(60-*(50-&(/(68,)&+1-+1,(
<'/:>(H')&/,0)/3(-'6-0,.(12(2103(6/:43'6(06(2'/60<3'(
/3-&1*.&(6)/30,.(*4(-1(',.0,''+0,.(-'6-(6/:43'6(/,7(
3/+.'+()1:41,',-6(06(,1-(/66*+'7>
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X1+(+'/3(64/)'@(64/-0/3(+'613*-01,(,'*-+1,(
-')&,0Z*'6()/,,1-()1:4'-'(50-&(W?+/86@(<*-(<')/*6'(
12(-&'(;/+0/<030-8(12('3':',-/3(6)/--'+0,.(3',.-&6@(
,'*-+1,6(71(4+1;07'(/(5/8(-1(706-0,.*06&('3':',-6(
)316'(-1.'-&'+(0,(-&'(4'+0170)(-/<3'(1+(30.&-('3':',-6(
0,(-&'(4+'6',)'(12(&'/;8('3':',-6>((H1+'1;'+(-&'(
:/.,'-0)()+166?6')-01,(4+1;07'6(/,1-&'+(-113(0,(
61:'()/6'6>((%&'(1-&'+(:/e1+(/7;/,-/.'(12(,'*-+1,(
',))*+2-,(.$+.'$12+--#*,.0$,1$-"+-$,-$,1$.(-$1($',)%$26&-$
-1(6&0'37(/./0,6-(-&'(./::/(</)V.+1*,7(2+1:(-&'(
0++/70/-'7(:/-'+0/36(/6(-'6-6(1,(2*'36(/,7(5'376(
&/;'(6&15,>(BC''(E'*-+1,(4157'+(7022+/)-01,(12(
+/701/)-0;'(315(',+0)&:',-(*+/,0*:?:138<7',*:(
,*)3'/+(2*'3@I(\>H>(g>(N+/,650)V@(R>%>(N1,31,@(
F>\>(g1,/<'+.'+@(h>(X1W@(\>(H)G5/,@(F>(F1..'@(
g>(C'/+6@(g>(C'70/V1@(^>L>(C5/0,61,@(/,7(%>(J&/,@(
G*+14'/,(L157'+(g022+/)-01,(N1,2'+',)'@(P',';/(
!99[>T(F'607*/3(6-+'66'6(0,(0++/70/-'7()1:41,',-6(
5033()1,-0,*'(-1(<'(+'3';/,-(-1(-&'(+'.*3/-1+8(
4+1)'66>(g'70)/-'7(64')-+1:'-'+6(21+(,'*-+1,(
'W4'+0:',-6@(:/V0,.(*6'(12(CKEC@(7022+/)-01,@(/,7(
6-+'66(:'/6*+':',-6(1,(0++/70/-'7(6/:43'6(5033(<'(
/,(0:41+-/,-(4/+-(12(/(,'5(2/)030-8>

6. Cross-Cutting Themes 
6.1 Modeling
!"#$.##'1$()$-"#$/('#&#*1$1#*3#$-($'#%$.#$-"#$

+'Z*0+':',-6(21+('W4'+0:',-6(/-('/)&(3',.-&(6)/3'>(
K-(-&'(/-1:0)(3';'3@(5&/-(/+'(-&'(3',.-&(/,7(-0:'(
6)/3'6(21+(-&'(2*,7/:',-/3()/6)/7'6(.','+/-0,.(-&'(
7/:/.'n(J&/-(/+'(-&'(3',.-&(/,7(-0:'(6)/3'6(21+(
-&'6'(-1()1:'(-1('Z*030<+0*:(0,(-&'(:/-'+0/3n(M15(
/+'(-&'6'(',-0-0'6(60-*/-'7(0,(-&'(:0)+16-+*)-*+'(/,7(
&15(71(-&'8(0,-'+/)-(50-&(0,-+0,60)(7'2')-6@(6*)&(/6(
-&'(.+/0,(<1*,7/+0'6@(5&0)&(/+.*/<38(/)-(/6(60,V6>(
^,(-*+,@(-&'(:0)+16-+*)-*+/3(0,21+:/-01,(06(,''7'7(
-1()/3)*3/-'(-&'(:/)+16)140)(4+14'+-0'6(12(-&'(2*'3@(
6*)&(/6(-&'+:/3()1,7*)-0;0-8@(-':4'+/-*+'@(/,7(
65'330,.>

X+1:(-&'()*++',-(4'+64')-0;'(12(:17'30,.@(-&'(
:/-&':/-0)/3(7'6)+04-01,(12(-&'(:0)+16-+*)-*+'(
N&#.0-"$12+&#$T;Q$-($TQQ$S/M$,1$*#2(0.,U#'$+1$-"#$
)+0-0)/3(30,V(<'-5'',(-&'(<'&/;01+(/-(-&'(/-1:0)(3';'3(
/,7(-&'(<'&/;01+(12(-&'(:/-'+0/3(/-(-&'(:/)+16)140)(
3';'3(B6''(X0.*+'([T>(^,(2/)-@(-&06(06(/361(-+*'(12(
-&'(*,7'+6-/,70,.(12(-&'(:')&/,0)/3(4+14'+-0'6(12(
:/-'+0/36(0,(.','+/3>(K-(-&'(/-1:0)(3';'3@(R0,'-0)(
H1,-'(N/+31(:'-&176()/,(7'6)+0<'(-&'(706-+0<*-01,6(

Figure 6. Hierarchical multi-scale approach to nuclear fuel simulation (after Dieter Wolf)
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12(;/)/,)0'6(/,7(0,-'+6-0-0/36(0::'70/-'38(/2-'+(B"9(
)1M$+$%$11,(.$8*('62-$2+12+'#$"+1$7##.$,.,-,+-#';$H.$
-&'(2133150,.(!9(46@(-&'6'(;/)/,)0'6(/,7(0,-'+6-0-0/36(
/+'(-&1*.&-(-1()1/3'6)'(0,-1(6:/33()3*6-'+6(1;'+(
/(64/-0/3(;13*:'(12(70/:'-'+(/<1*-("(,:(B9>99"(
S/M;$!"#$(6-1-+.',.0$)6.'+/#.-+&$8*(3,1($,1$-"+-$
-&'(0,-'+/-1:0)(41-',-0/3(21+(U(/,7(0-6($2('3')-+1,6(
+':/0,6(*,6/-062/)-1+8>(

M15(;1076(/,7()3*6-'+6(414*3/-'(-&'(.+/0,6(12(
2*'3(:/-'+0/3(06()*++',-38(/77+'66'7(<8(-&'(D4&/6'?(
%$#&'_$/('#&>$9",2"$*#8&+2#1$#3#*4$0*+,.$7(6.'+*4$
<8(/,(1+7'+(4/+/:'-'+(;/+80,.()1,-0,*1*638(2+1:(
Q$-($T;$NB##$F"+1#$%$#&'$/('#&$2+&26&+-,(.$()$0*+,.1$
/,7(;1076(0,(2*'3@I(C>i>(M*('-(/3>@(h>(E*)3>(H/--'+@(
"`!(!99`(!`!k"99T>(%&'(:17'3()/,(7'6)+0<'(-&'(
.','606(12(./6(<*<<3'6(/,7(&15(-&'8(/+'(706-+0<*-'7(
-&+1*.&(-&'(.+/0,6@(0,(4/+-0)*3/+(-&'('W4'+0:',-/338(
1<6'+;'7(7',*7'7(=1,'6()316'(-1(.+/0,(<1*,7/+0'6(
5&'+'(-&'+'(/+'(2'5'+(<*<<3'6(B6''(X0.*+'(cT>(J0-&(
-&06(7'6)+04-01,(12(-&'(0,&1:1.','0-0'6(50-&0,(-&'(
.+/0,6@(/()1,6-0-*-0;'(3/5(21+(-&'(31)/3(-&'+:/3(
2(.'62-,3,-4$2+.$7#$'#*,3#';$H.$-6*.>$%$.,-#$#&#/#.-$
:17'36(12(<'&/;01+(1,(-&'(:/)+16)140)(3',.-&(6)/3'(
*6'(-&06(0,21+:/-01,(-1()/3)*3/-'(-&'(/;'+/.'(-&'+:/3(
)1,7*)-0;0-8(/6(/(2*,)-01,(12(4160-01,(/,7(&',)'(
7'+0;'(-':4'+/-*+'(706-+0<*-01,6(-&+1*.&(-&'(2*'3>(
%&06(06(1,'('W/:43'(12(-&'(70+')-01,(12(0,(5&0)&(
:17'36()1*37(<'(7';'314'7>(J&03'(-&'(:17'30,.(
'221+-(06()316'(-1()1,,')-0,.(1;'+(-&'(5&13'(3',.-&(
12+&#>$-"#$%$#&'$,1$.(-$1($/62"$&,/,-#'$74$2(/86-,.0$
415'+(/6(<8(7'6)+04-0;'(/3.1+0-&:6(-1(7'6)+0<'(
<'&/;01+(/-(-&'(:0)+16-+*)-*+'(3',.-&(6)/3'>(K,1-&'+(
6*))'66(&/6(<'',(-&'(:0)+16-+*)-*+/3(';13*-01,(12(
X'9>`dN*(/2-'+(0++/70/-01,>(%&'(0,0-0/3(;/)/,)8?N*(
2&61-#*1$(.$+$TQV$12+&#$+.'$-"#,*$2(+&#12#.2#$,.-($+$
6'+0'6(12(N*(4+')040-/-'6(&/;'(<'',(4+'70)-'7>

N*++',-38@(:/,8(:17'36(/+'(,1-(&/+75/+'?30:0-'7@(
<*-(/3.1+0-&:?30:0-'7(0,(7';'3140,.(4&860)/338?
;/307/-'7(:'-&17131.0'6(21+(4+'70)-0,.@(21+('W/:43'@(
:0)+16-+*)-*+/3(';13*-01,(1+(-',603'(6-+'66?6-+/0,(
<'&/;01+(*60,.(:'616)/3'(B70631)/-01,(78,/:0)6T(
:17'36>(X1+(-&06(+'/61,@(:*)&(7'</-'(21)*6'7(1,(
:'/6*+':',-6(4'+-0,',-(-1(/-1:06-0)(/,7(:13')*3/+(
78,/:0)6()/3)*3/-01,6(5&0)&(5'+'()1,607'+'7(
:16-(0,(,''7(12(;/307/-01,>(K(6')1,7(-&':'(0,(-&'(
51+V6&14(706)*6601,6(4'+-/0,'7(-1(-&'(',./.':',-(
12(-&'1+06-6>(%&'+'(5/6(61:'(<'30'2(-&/-@(';',(
50-&(,'5(;/307/-01,(1441+-*,0-0'6@(-&'(4+1:06'(
0:430)0-(0,(,'5(.','+/-01,6(12(:17'36(51*37(,1-(
<'(+'/30='7(50-&1*-()1:43':',-/+8(0,;'6-:',-(
0,(5&/-(5/6()/33'7(/(D;0+-*/3()1:4*-/-01,/3(',7(
1-+-,(.;_$`11#.-,+&&4$-",1$-"#/#$+'3(2+-#'$1,0.,%$2+.-$
0,;'6-:',-(0,(7';'3140,.(-&'()1:4*-/-01,/3(
0,2+/6-+*)-*+'(,')'66/+8(21+(-&'()1::*,0-8(-1(-/V'(
/7;/,-/.'(12(0,60.&-6(-&/-()1*37(<'(/)&0';'7(<8(
<+0,.0,.(30.&-(/,7(,'*-+1,(61*+)'()&/+/)-'+0=/-01,6(
-1(<'/+(1,(/)-0;/-'7(:/-'+0/36>

6.2 Engagement with the Nuclear Power Industry 
%&'+'(5/6(61:'(706)*6601,(/-(-&'(51+V6&14(

)1,)'+,0,.(/,(/66'+-01,(-&/-(-&'(,*)3'/+(415'+(
*-030-0'6(71(,1-(<'30';'(-&'+'(/+'(-')&,0)/3()&/33',.'6(
21+()140,.(50-&(0++/70/-'7(:/-'+0/3(<*-(-&/-(<'--'+(
/331)/-01,(12(2*,76(06(,''7'7(-1(6*441+-(4+'6',-(
'W/:0,/-01,(:'-&176>(%&06(6*..'6-6(-&/-(-&'+'(
06()*++',-38(/(:06:/-)&(<'-5'',(5&/-(06(6'',(/6(
0:41+-/,-(50-&0,(-&'(,*)3'/+(0,7*6-+8(50-&(+'64')-(
-1(416-?0++/70/-01,('W/:0,/-01,(/,7(5&/-(+'6'/+)&'+6(
1*-607'(0,7*6-+8(4'+)'0;'>(%&06(:06:/-)&(6&1*37(
<'('W431+'7>(K,1-&'+(6*..'6-01,(5/6(-&'(/30.,:',-(
12(.1/36(12(+'6'/+)&(51+V'+6(1*-607'(-&'(0,7*6-+8(
9,-"$-"#$*#1#+*2"$-(8,21$,'#.-,%$#'$74$`FEH$,.$,-1$
0,-'+/)-01,6(50-&(-&'(0,7*6-+8>

%&+''(-&':'6(/+16'(7*+0,.(-&'(<+'/V1*-(
706)*6601,6(5&0)&(:'+0-(/--',-01,(0,(/(706)*6601,(
12(/7;/,)'7(:'/6*+':',-()/4/<030-0'6>((X0+6-@(61:'(
',)%$26&-4$,.$#.0+0,.0$.62&#+*$,.$-"#$+'3(2+24$
12(31,.(-'+:(+'6'/+)&(5/6(,1-'7>(%&'(.','+/3(
/66*:4-01,(5/6(-&/-(6&1+-?-'+:()1::'+)0/3(

Figure 7. (Left) Phase fi eld calculation using empirical 
free energy model (after SY Hu et al) & (Right) Irradiated 
UO2 in pressurized water reactor (after Zacharie et. al)
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0:4'+/-0;'6(21)*6'7(0,7*6-+8(/--',-01,(1,(-&'(
0::'70/)8(12('W06-0,.(30.&-(5/-'+(+'/)-1+(+'?
2#*-,%2+-,(.1;$!"#$8+*-,2,8+.-1$18#.-$1(/#$-,/#$
706)*660,.(-&06(066*'(50-&(613*-01,6(+/,.0,.(2+1:(
:1+'(/..+'660;'(4/+-0)04/-01,(12(-&'(+'6'/+)&(
)1::*,0-8(/-(GLF^(/,7(EFN(:''-0,.6j('7*)/-01,(
12(-&'(*6'+()1::*,0-0'6(1,(-&'(5/8(6/2'-8()/6'(
2#*-,%2+-,(.$(226*1$.(9P$'#%.,-,(.$()$+$aA`$
)&/:401,j('221+-6(-1(<+07.'(-&'(./46(<'-5'',(-&'(
',))#*#.-$/('61$(8#*+.',$()$-"#$aA`$()%2#1$()$
C)0',)'(/,7(E*)3'/+(G,'+.8j(/,7(/77+'660,.(-&'(
,116#$()$2(.5,2-$()$,.-#*#1-$+.'$,.-#&&#2-6+&$8*(8#*-4$
066*'6>

7. Conclusion 
%&'(1;'+/33(0:4/)-(12(-&'(51+V6&14(5/6()/4-*+'7(

,.$-"#$%.+&$8+.#&$1#11,(.;$F+.#&,1-1$9#*#$+1C#'$-($
.+/#$#?8#*,/#.-1$-"+-$2(6&'$7#$'(.#$,.$-"#$.#?-$%3#$
8'/+6(50-&(4+'6',-(+'61*+)'6(-&/-(51*37(/7;/,)'(-&'(
%#&'$1,0.,%2+.-&4$+.'$-"(1#$#?8#*,/#.-1$-"+-$9(6&'$
&/;'(/(:/e1+(0:4/)-(1;'+(-&'(,'W-(7')/7'>(%&'(
4/,'306-6(5'+'(/361(/6V'7(-1(07',-028(-&'(2/)030-0'6(
,''7'7>(%51(4/,'306-6(+'4+'6',-'7(/)/7':0)(
+'6'/+)&(/,7(-&'0+(':4&/606(5/6(1,(:/-'+0/36(
+'6'/+)&(50-&(0++/70/-'7(:/-'+0/3>(a-&'+6(641V'(2+1:(
-&'(410,-(12(;0'5(12(+'?30)',60,.(/,7(+'.*3/-01,@(
+'Z*0+':',-6(21+(2*601,(+'6'/+)&@(/,7(-&'(1*-311V(21+(
-&'(:17'30,.()1::*,0-8>(G/)&(:/7'(6*..'6-01,6(
-&/-()1++'641,7'7(-1(/(:/e1+(4+1.+/:(12(51+V>

H.$/+-#*,+&1$12,#.2#$*#1#+*2">$%3#$8*,(*,-,#1$
9#*#$,'#.-,%#'$)(*$-"#$.#?-$%3#$4#+*1D$T;$-"#$,.$
60-*()+86-/331.+/4&0)(+'641,6'(-1(/4430'7(6-+'66(
0,(/+)&0;'7(0++/70/-'7(:/-'+0/36j(!>()+/)V(.+15-&(
*,7'+(2/-0.*'()1,70-01,6(0,(0++/70/-'7(=0+)1,0*:(
/33186()1,-/0,0,.(&87+07'6@(60,)'(-&06(06(/(:/e1+(
2/03*+'(+1*-'(21+(-*<'6(/,7()3/770,.j(">(CKEC(/,7(
CKAC(:'/6*+':',-6(1,(X'`dN+(6-''36(-1(07',-028(
5&',(7'21+:/-01,?0,7*)'7(;1076(<'.0,(-1(21+:(
/+1*,7(H!"N[(4/+-0)3'6(50-&0,(-&'(6-''3(/,7(W?+/8(
:'/6*+':',-6(12(6-+/0,(+'641,6'(-1(/4430'7(6-+'66(
50-&(:0)+1<'/:6(/+1*,7(-&'6'(4+')040-/-'6j(/,7(
Z;$14.2"*(-*(.$?:*+4$/#+16*#/#.-1$-($%.'$9"4$
:/-'+0/36(6*<e')-'7(-1(&/+7',0,.(<8(0++/70/-01,(2/03(
/-(-&'(6/:'(-+*'(6-+'66>(

a,(-&'(7')/7/3(-0:'(6)/3'(-&'(2133150,.(4+1.+/:(
+*#+1$9#*#$,'#.-,%#'D$T;$#?+/,.+-,(.$()$/+-#*,+&1$
21+(P','+/-01,(#(+'/)-1+6(*,7'+(0++/70/-01,(0,)3*70,.(
=0+)1,0*:(/33186(/,7()'+/:0)6j(!>(2/-0.*'(-'6-0,.(
/-(&0.&(-':4'+/-*+'6(-1(Z*/,-028(-&'(2/-0.*'?
0++/70/-01,?)+''4(0,-'+/)-01,j(/,7(">('W/:0,/-01,(
12(0,70;07*/3(4/+-0)3'6(12(H!"N[(50-&0,(-&'(.+/0,6(
12(X'`dN+(6-''36(-1(6''(&15(-&'6'(0,-'+/)-(*,7'+(
7'21+:/-01,(50-&(/,7(50-&1*-(0++/70/-01,>(^,(-&'(
Y9?8'/+(-0:'2+/:'@(0-(51*37(<'(7'60+/<3'(-1(&/;'(/(
:/-'+0/36(0++/70/-01,(61*+)'(/,7(/661)0/-'7(&/,730,.(
2/)030-0'6(/33150,.(/)-0;'(6/:43'6(-1(<'(6*<e')-'7(-1(
64')0/30='7(W?+/8(/,7(,'*-+1,(-'6-6(/33(1,(-&'(6/:'(
60-'>

X+1:(-&'(410,-(12(;0'5(12(+'?30)',60,.(+'/)-1+6@(
-&'(0::'70/-'(':4&/606(06(1,(-&'(7';'314:',-(12(
2(.%'#.2#$,.$*#1,'6+&$1-*#11$+226*+24$-"*(60"$+$
4+1.+/:(12(7*430)/-0,.(:'/6*+':',-6(/-(:*3-043'(
3/<1+/-1+0'6(50-&(-&'(/;/03/<3'(-')&,0Z*'6@(,'*-+1,(
/,7(W?+/8(7022+/)-01,@(7''4(&13'(7+0330,.(/,7(-&'(
)1,-1*+(:'-&17>(^,(-&'(,'W-(Y9(8'/+6@(-&'(:/e1+(
0(+&1$1"(6&'$7#$-"#$)(&&(9,.0D$T;$&+*0#$1#2-,(.$
6-+'66(:'/6*+':',-6(1,(0++/70/-'7()1:41,',-6(-1(
%.'$-"#$#))#2-$()$56#.2#$(.$9#&'$*#1,'6+&$1-*#11#1P$
!>(613*-01,(12(':'+.0,.(:/-'+0/36(4+14'+-8(066*'6(
6*)&(/6(-&'('22')-(12(0++/70/-01,(1,(-&'(-&'+:/3(
/.0,.(12()/6-(6-/0,3'66(6-''3(/,7(/*6-',0-0)(6-/0,3'66(
6-''36j(">(7';'314:',-(12(EgG(-')&,0Z*'6(-1(
/#+16*#$*+',+-,(.$'+/+0#P$+.'$Z;$",0"$56#.2#$
-1*.&,'66(:'/6*+':',-6@(0,)3*70,.()+/)V(.+15-&(
/,7(6-+'66()1,6-+/0,-()&/,.'(50-&()+/)V(.+15-&>(
a,(-&'(7')/7/3(-0:'2+/:'@(-&'(,'5(2/)030-8(,''76(
-1(<'(/<3'(-1(&/,73'(/(;/+0'-8(12(/)-0;/-'7(6/:43'6(
12(7022'+',-(60='6(/,7(0++/70/-'7(0,-',60-0'6(/,7(
.##'1$-($7#$5#?,7&#$#.(60"$-($"+.'&#$#/#*0,.0$
066*'6>(M0.&(-':4'+/-*+'(4+14'+-8(7';'314:',-(/,7(
)&/+/)-'+0=/-01,(12(0++/70/-'7(:/-'+0/36(6&1*37(&/;'(
/(&0.&(4+01+0-8>

X1+(2*601,(+'/)-1+6@(/,(0:41+-/,-(-/6V(21+(-&'(
.#?-$%3#$4#+*1$,1$-"#$+.+&41,1$()$(?,'#$',18#*1,(.$
6-+',.-&','7(BagCT(6-''36(50-&(4+')040-/-'6(0,(-&'(
60='(+/,.'(12(!k$(,:@(5&0)&(6&15(4+1:06'(21+(
'W)'33',-()+''4(6-+',.-&(/,7(+/70/-01,(+'606-/,)'>(
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M15';'+@(4+1<3':6(12(-&'(;/+0/<030-8(12(-&'(
4+14'+-0'6(50-&(</-)&(,''7(-1(<'(/77+'66'7>(X1+(
-&'(,'W-(7')/7'@(/(:/e1+(.1/3(21+(2*601,(4+1.+/:6(
5033(<'(:'/6*+':',-(12(&0.&(-':4'+/-*+'()+''4(
4+14'+-0'6(12(agC(6-''36(0,(/(+/70/-01,(',;0+1,:',-(
0,(-&'(4+'6',)'(12(M'#>

X+1:(-&'(4'+64')-0;'(12(:17'30,.(/,7(60:*3/-01,@(
,.$-"#$.#?-$%3#$4#+*1$,-$1"(6&'$7#$8(11,7&#$-($
)1:4*-'(/,7(:'/6*+'(-&'(78,/:0)6(12()/6)/7'(
';13*-01,(1,(/(40)16')1,7(-0:'(6)/3'(50-&(-&'(/07(
12(68,)&+1-+1,(W?+/86@(/,7(0++/70/-01,(50-&(01,(
<'/:6>(%&'()/3)*3/-01,(+'Z*0+'6(:/660;'()1:4*-0,.(
2+8+7,&,-4>$3,U;$+22#11$-($8#-+5(8$2(/86-#*1;$H-$
6&1*37(<'(41660<3'(0,(-&06(-0:'2+/:'(-1(0,)3*7'(
/+-#*,+&$18#2,%2,-4$,.$/('#&,.0$-"#$7#"+3,(*$()$
)/6)/7'6>(a,(/(Y9?8'/+(-0:'(6)/3'@(-&'+'(06(/,(
'W4'+0:',-/3(+'Z*0+':',-(-1(:/-)&(-&'(64/-0/3(
+'613*-01,(12(-&'()1:4*-'7()/6)/7'(-1(;'+028(-&'(
562-6+-,(.1$9,-",.$-"#$2+12+'#;$b.$,/8(*-+.-$0(+&$
21+(2*+-&'+(<',)&:/+V0,.(06(1<-/0,0,.(+'/3(64/)'(
/,7(+')04+1)/3(64/)'(0,21+:/-01,(1,(07',-0)/3(
:/-'+0/36(1,(-&'(6/:'(3',.-&(6)/3'>(X0,/338@(60,)'(-&'(
-&'1+'-0)/3('221+-(,''7'7(06(:/e1+@(/()1::*,0-8(12(
6)0',-06-6@(,1-(0613/-'7(.+1*46@(06(,''7'7(-1(51+V(1,(
-&'(4+1<3':6>

C';'+/3(.','+/3(066*'6(5'+'(/77+'66'7(0,(-&'(
%.+&$9*+8:68$()$-"#$9(*C1"(8c1$8+.#&$',12611,(.;$
^2(-&'(.31</3(+',/066/,)'(12(,*)3'/+(415'+(06(-1(
<')1:'(/(+'/30-8@(-&',(315?)16-@(/))'660<3'@(&0.&(
0,-',60-8(2/6-(,'*-+1,(61*+)'6(:*6-(<'(<*03-@(60,)'(
-&'(/;/03/<030-8(12(0++/70/-01,(2/)030-0'6(06(51+6'(
-&/,(';'+(<'21+'(>(%&'(0++/70/-01,(61*+)'6()1*37(<'(
'0-&'+(+'/)-1+(1+(/))'3'+/-1+(</6'7>(K-(-&'(+/70/-01,(
2/)030-8(-&'+'(6&1*37(<'(/))'66(-1(/33(-&'()*++',-(
7022+/)-01,@(64')-+16)140)(/,7('3')-+1,(:0)+16)14'(
-#2".,@6#1$+.'$5#?,7,&,-4$-($,.2(*8(*+-#$)6-6*#$
7';'314:',-6>(H17'30,.(1,(-&'(:'616)140)(6)/3'@(

50-&(<',)&:/+V0,.(<8('W4'+0:',-@(&/6(',1+:1*6(
41-',-0/3(-1()1,,')-(50-&(',.0,''+0,.(<'&/;01+>(
!"#*#$,1$.($*((/$)(*$#?2&61,3#$%#&'1$()$#.'#+3(*$
6*)&(/6(',.0,''+0,.(;'+6*6(6)0',)'@(:/)+16)140)(
;'+6*6(:'616)140)@('W4'+0:',-(;'+6*6(:17'30,.j(
-"#1#$+*#$+&&$3,-+&$2(.1-,-6#.-1$()$-"#$%.+&$2(//(.$
.1/3>

K-(-&'(51+V6&14@(-&'(:/-'+0/36(6)0',)'(
+'Z*0+':',-6(21+(/)-0;/-'7(:/-'+0/36(5'+'(
/+-0)*3/-'7>(%&'(-1136(7';'314'7(1;'+(-&'(4/6-(
7')/7'(21+('W/:0,/-01,(12(:/-'+0/36(/-(-&'(.+/0,(
3';'3(5'+'(+';0'5'7>(K,(/--':4-(5/6(:/7'(-1(:/-)&(
-&'(,''76(-1(-&'(/;/03/<3'(-1136@(:/V0,.(,1-'(12(-&'(
&*+73'6(-1(<'(1;'+)1:'>(X0,/338(/(6'-(12()&/33',.0,.(
'W4'+0:',-6(5/6(6*..'6-'7(-&/-(5033(/7;/,)'(-&'(
%#&'$,.$-"#$.#?-$%3#:$+.'$TQ:4#+*$8#*,('1$9,-"$-"#$
&'34(12(,'5(2/)030-0'6(4*-(0,(43/)'(1;'+(-&06(-0:'(
64/,>

^2(-&'(4+1:06'(12(-&'(61?)/33'7(,*)3'/+(+',/066/,)'(
06(-1(<'(+'/30='7@('64')0/338(0,(-&'(U,0-'7(C-/-'6@(
-&'(<+'/7-&(/,7(7'4-&(12(-&'(,*)3'/+(6)0',)'(
/,7(',.0,''+0,.()1::*,0-8(:*6-(<'(',&/,)'7(
6*<6-/,-0/338>(^,(4/+-0)*3/+@(-&'+'(06(/(,''7(-1(
+';0-/30='(-&'(:/-'+0/36(6)0',)'(12(+/70/-01,(7/:/.'>(
^-(5/6()3'/+(-1(51+V6&14(4/+-0)04/,-6(-&/-(W?+/8(/,7(
,'*-+1,(61*+)'6(/-(,/-01,/3(*6'+(2/)030-0'6(&/;'(/,(
0:41+-/,-(+13'(-1(43/8(0,(-&06(',7'/;1+>(X*+-&'+@(0,(
/770-01,(-1()*3-*+/3()&/,.'6(-&/-(51*37(/3315(-&'(
2*33('W4310-/-01,(12()*++',-38(/;/03/<3'(-1136(/,7(
-')&,0Z*'6@(,'5()/4/<030-0'6(,''7(-1(<'(7';'314'7(
,)$12,#.2#:7+1#'$2#*-,%2+-,(.$,1$-($8&+4$+$*(&#$,.$
-&'(+'6*+.',)'(12(,*)3'/+(','+.8>(X0,/338@(.0;',(
-&'(:/.,0-*7'(/,7(*+.',)8(12(-&'(,''7(21+()/+<1,?
,'*-+/3(','+.8@(/44+1/)&'6(:*6-(<'(21*,7(-1(+'7*)'(
-&'(-0:'(/,7()16-(/661)0/-'7(50-&(30)',60,.(/,7(
2#*-,%2+-,(.;

 1Fast-neutron sources in the United States. The Advanced Test Reactor (ATR) at Idaho National Laboratory is a user facility for neutron 
irradiation and subsequent examination. It offers a very high flux of fast neutrons (5×1014n/cm2/s), new post-irradiation and rabbit facilities, and 
a TRIGA reactor for neutron radiography. The ATR functions as the centerpiece of an academic and industrial group and is also associated with 
the MR-CAT facility at the APS. The high flux reactor (HFIR) at Oak Ridge offers two locations for fast-neutron irradiation. An extensive program 
of irradiation at LANSCE was carried out during the Accelerator Production of Tritium (APT) program. Irradiation with a spallation source adds 
a high energy tail to the neutron spectrum compared with a fission reactor. In addition, the production of He4 from !-particles is a couple of 
hundred times higher than at a reactor. In this respect, the spallation spectrum begins to approximate to a fusion spectrum. Many structural 
materials, steels, and Al alloys were irradiated and archived.
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Sunday 20 September 2009(

dDRQ$8;/; F'.06-+/-01,( %'6*Z*'(_@(N

\DRQ$8/$ J'3)1:' %1:(M137',(BEC%T %'6*Z*'(_@(N
\DZQ$8/ a;'+;0'5(12(gaG(J1+V6&146 H0V'(X3*66(B\\E\T %'6*Z*'(_@(N
]DQQ$8/ H/F^G@(/(4+1416'7(60.,/-*+'(

2/)030-8
h1&,(C/++/1(B\KE\T %'6*Z*'(_@(N

]DRQ$8/ X+''(-0:'

Monday 21 September 2009

]DRQ$+/ N1,-0,',-/3(<+'/V2/6- L1+-/3

eDQQ$+/$ J1+V6&14(.1/3 %1:(M137',(BEC%T %'6*Z*'(K@_
eDQd$+/ J1+V6&14(4&031614&8(Q(((((

F/-01,/3'
H/+V(_1*+V'(B\KE\T %'6*Z*'(K@_

Session 1:- Measurement needs for activated samples – customer focus(
Chair/Scribe   Rick Holt  / Peter Hosemann
eDRQ$+/$ g';'3140,.(/7;/,)'7(,*)3'/+(

6-+*)-*+/3(:/-'+0/36(21+(*6'(0,(
",0"$*+',+-,(.$#.3,*(./#.-1D$
K,(K*6-+/30/,(4'+64')-0;'

\8,71,(G75/+76(BKEC%aT %'6*Z*'(K@_

eDdd$+/ H0)+16-+*)-*+'(H17'30,.(12(
E*)3'/+(X*'3

g0'-'+(J132(B^E\T %'6*Z*'(K@_

fDOQ$+/ J'370,.(+'607*/3(6-+'66(
/,7(:/-'+0/3(4+14'+-8(
:'/6*+':',-6(1,(0++/70/-'7(
:/-'+0/36

g/;07(F*73/,7(BEFNT %'6*Z*'(K@_

fDZd$+/ _+'/V1*-((o((Y(1<e')-0;'6 h/)V(C&3/)&-'+(B\KE\T %'6*Z*'(K@_

Appendix A: Workshop Agenda 
Workshop Title:  Research Needs and Opportunities for Characterization of Activated Samples    
 at X-Ray and Neutron User Facilities
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TQDQQ$+/$ F'2+'6&:',-6 L1+-/3(

Breakout # 1  -- In parallel((
Subgroup 1  Regulatory & Licensing
Chair / Scribe   James Wall / Heather Volz((((
TQDTd$+/ (C''7(%/3V %0/,./,(\0/,(BGLF^T %'6*Z*'(K
TQDOd$+/$ K77+'66(<+'/V1*-(oY()&/+.' C*<.+1*4 %'6*Z*'(K

Subgroup 2  Industry  
Chair/Scribe     Phil Withers / Don Brown((
TQDTd$+/ (C''7(%/3V( F0)V(M13-( Bp*'',6(U,0;'+?

60-8T
%'6*Z*'(_

TQDOd$+/ K77+'66(<+'/V1*-(oY()&/+.' C*<.+1*4 %'6*Z*'(_
Subgroup 3  Modeling    
Chair/Scribe    Brian Wirth / Turab Lookman 
TQDTd$+/ (C''7(%/3V H/3)13:(C-1)V6(BaFE\T %'6*Z*'(N
TQDOd$+/ K77+'66(<+'/V1*-(oY()&/+.' C*<.+1*4 %'6*Z*'(N

TODQQ$ \*,)&(
TODRQ$8/$ F'6'/+)&(1,(%+/,6*+/,0*:(

B41-#/1D$F*#1#.-$<+8+7,&,-,#1$
50-&(\/+.'(N',-+/3(X/)030-0'6(
B\*,)&-0:'(-/3VT

P'++8(\/,7'+(B^%U(+'-7>T

TDRQ$8/ _+'/V1*-(oY()&/0+(6*::/+0'6( %'6*Z*'(_@N
Session 2      Ongoing measurements on activated samples
Chair/Scribe    Angus Lawson / Heather Hawkins
ODQQ$8/ E'*-+1,@(C8,)&+1-+1,(Q(

\/<1+/-1+8(A?+/8(0:/.0,.(12(
K)-0;'(C/:43'6

L&03304(J0-&'+6(BUH^C%T %'6*Z*'(_@N

ODOd$8/ F/70/-01,(g/:/.'(G22')-6(0,(
C-+*)-*+/3(H/-'+0/36(*60,.(C5066(
C4/33/-01,(E'*-+1,(C1*+)'(/,7(
\0.&-(C1*+)'(X/)030-0'6

i1,.(g/0(BLC^T %'6*Z*'(_@N

ODdQ$8/ F/70/-01,(g/:/.'(C-*70'6(/-(\16(
K3/:16(E'*-+1,(C)0',)'(N',-'+(
B\KECNGT(j(J&/-(J'(g07(/,7(
J&/-(5'(51*37(C-033(\0V'(-1(g1

J/3-(C1::'+(B\KE\(F'-7>T %'6*Z*'(_@N
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RDTd$8/ _+'/V1*-(o(!((1<e')-0;'6 h/)V(C&3/)&-'+(B\KE\T

RDOQ$8/$ F'2+'6&:',-6

Breakout # 2  --- In parallel((
Subgroup 1 Length scales - Nanometers (defects)
Chair / Scribe      Mike Nastasi / Thomas Proffen(
RDZQ$8/ C''7(%/3V( h0:(C-*<<0,6(BUUNT
RDdQ$8/ K77+'66(<+'/V1*-(o!()&/+.' C*<.+1*4
Subgroup 2 Length scale - Microns (Microstructure)
Chair / scribe    Gene Ice / Steve Conradson((
RDZQ$8/ C''7(%/3V( H'0H'0(\0(BKE\T
RDdQ$8/ K77+'66(<+'/V1*-(o!()&/+.' C*<.+1*4
Subgroup 3  Length scale – mm (components)
Chair / Scribe     Jeff  Terry / Don Brown(
RDZQ$8/ C''7(%/3V( F1,( F1..'( BN&/3V( F0;'+(

N/,>(T
RDdQ$8/ K77+'66(<+'/V1*-(o!()&/+.' C*<.+1*4

\DQQ$8/ X+''(%0:'

]DQQ$8/$ g0,,'+

eDQQ$8/ H/-'+0/3(Q(X*'3(%'6-0,.(21+(K7;/,)'7(
E*)3'/+(C86-':6(BK2-'+(70,,'+(-/3VT(

F+6&$g,1(91C,$NaA`$A)%2#$
12(E*)3'/+(G,'+.8T

Tuesday 22 September 2009(

]DRQ$+/ N1,-0,',-/3(<+'/V2/6-

eDQQ$$+/ _+'/V1*-(o!(()&/0+(6*::/+0'6
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Session 3: New tools and new facilities decadal scope
Chair/Scribe  Mike Fluss/ Ming Tang
eDRQ$+/$ H/-'+0/36(_8(g'60.,( H/+0*6(C-/,(B\KE\T %'6*Z*'(_@N
eDdd$+/$ \0.&-(61*+)'(1441+-*,0-0'6 P','(^)'(BaFE\T %'6*Z*'(_@N
fDOQ$+/$ X/)030-8(,''76( F0)V(R*+-=(BLEE\T
fDZd$+/$ (^,(60-*(:'/6*+':',-6(0,(/(

+/70/-01,(',;0+1,:',-(
H/+V(_1*+V'(B\KE\T %'6*Z*'(_@N

fDdd$+/ _+'/V1*-(o("((1<e')-0;'6 h/)V(C&3/)&-'+(B\KE\T %'6*Z*'(_@N

TQDQQ$+/$ F'2+'6&:',-6

Breakout #3  in parallel(
Subgroup 1 structural components
Chair / Scribe   Randy Nanstad / Tiangan Lian((
TQDOQ$+/$ C''7(%/3V( h/:'6(J/33(BGLF^T %'6*Z*'(K
TQDRQ$+/ K77+'66(<+'/V1*-(o"()&/+.' C*<.+1*4 %'6*Z*'(K
Subgroup 2 Fuels and Waste
Chair / Scribe   Ken McClellan / Rex Hjelm
TQDOQ$+/ C''7(%/3V KV16(M1+;/-&(BMKC(RXR^T %'6*Z*'(_
TQDRQ$+/ K77+'66(<+'/V1*-(o"()&/+.' C*<.+1*4 %'6*Z*'(_
Subgroup 3 Fundamental Materials
Chair/Scribe     Alan Hurd / MeiMei Li
TQDOQ$+/ C''7(%/3V( _+0/,(J0+-&(BUN_T %'6*Z*'(N
TQDRQ$+/ K77+'66(<+'/V1*-(o"()&/+.' C*<.+1*4 %'6*Z*'(N

TODQQ$$8/ \*,)&
TODRQ$$8/ K7;/,)'7(%'6-(F'/)-1+(,/-01,/3(

12,#.-,%2$61#*$)+2,&,-4$Ng6.2"-,/#$
-/3VT

H0-)&(H'8'+(B^E\T

TDRQ$8/$ _+'/V1*-(o"()&/0+(6*::/+0'6
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ODQQ$8/$ L/,'3(706)*6601,(

(

F0)V(M13-((Bp*'',]6((U,0;>T

h0:(C-*<<0,6(BUUNT

g/;07(F*73/,7(BEFNT

F0)V(R*+-=(BLEE\T

g0'-'+(J132(B^E\T

RDQQ$8/$ a4',(706)*6601,( K33
ZDQQ$8/$ F'2+'6&:',-6

Session 5: Synthesize Draft Conclusions
Chair   Mark Bourke
ZDOQ g+/2-(J1+V6&14(N1,)3*601,6 \8,71,(G75/+76(BKEC%aT
dDQQ$8/ J+0--',(0,4*- %1:(M137',(BEC%T
dDRQ$8/$ N316'

]DQQ$8/$ g0,,'+
eDQQ$8/ E1,4+1302'+/-01,()1,607'+/-01,6(

21+(,*)3'/+(','+.8(/,7(,*)3'/+(
5'/41,6(B/2-'+(70,,'+(-/3VT

gO(F/1(B\KE\T
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L'29%B"1%
M"(-%JGN)##)#%

O2+010(0)%
4'298D"17P+18GN% %

2*31$/*)$%
4$5"6'7%

*,/*% D):"(#+Q.1GN)-12)7-"2-89':% ;<;=>>@=I;IE%

*42D'2%RDC"#D+%

,(+0#"-1"2%/(G-)"#%

JG1)2G)%"2D%
S)GN2'-'94%

T#9"21U"01'2%
5,/JST6%%
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>;W%
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B'(9%X(-0'2% *,/*%% Y(-0'2Q#'3)#0QD7-"2-89':% ;<;=>>@=?II@%

M"0#1G$%Z#1YY12%
J"2D1"%/"01'2"-%

*"3'#"0'#1)+%5J/*6%%
PH9#1YY7+"2D1"89':% ;<;=K?;=EIWI%

[)"0N)#%["C$12+% *,/*%% N"C$I?7-"2-89':% ;<;=>>;=E<W<%

\)]%[H)-.% *,/*%% NH)-.7-"2-89':% ;<;=>>;=WA@W%

S'.%['-D)2%
/'#0N)#2%J0#)++%
S)GN2'-'91)+%%

N'-D)207."9."8G"% >IA=;K?=WKIE%

\1G$%['-0% ^())2+%_21:)#+104% N'-07.)8`())2+(8G"% >IA=;AA=>KAI%

,$'+%['#:"0N%
[,J%aXaO%,0'.1G%

R2)#94%\)+)"#GN%
O2+010(0)%!

"$'+8N'#:"0N7")$18$Y$18N(% VA>%5I6%AEWWWE>%

M)0)#%['+)."22% *,/*%% P)0)#N7-"2-89':% ;<;=><>=I?A@%

,-"2%[(#D% *,/*%% "HN(#D7-"2-89':% ;<;=>>;=<>A<%

Z)2)%OG)%
T"$%\1D9)%/"01'2"-%

*"3'#"0'#4%5T\/*6%%
OG)ZR7'#2-89':% K>;=;@?=W@??%

Z'#D'2%b"#:12)2% *,/*%% 9H"#:12)27-"2-89':% ;<;=>>;=<KWW%

FN1=FN"29%a"'%
&#''$N":)2%
/"01'2"-%*"3'#"0'#4%%

$"'732-89':% >AI=A??=??E?%

b'2%a"P(+012+$4% *,/*%% H'2$7-"2-89':% ;<;=>>;=WK<<%

\1G$%a(#0U%
M"G1Y1G%/'#0NC)+0%

/"01'2"-%*"3'#"0'#4%%
#H8$(#0U7P2-89':% ;<;=K?;=AA<<%

Z)##4%*"2D)#%
O2+010(0)%Y'#%
S#"2+(#"21(.%

R-).)20+%5#)0D86%%

*,/BR\7O**8X\% AA=?@>=WI><W<%

,29(+%*"C+'2% *,/*%5#)0D86%% "G-"C+'27G43)#.)+"8G'.% %

!)1!)1%*1%
%

,#9'22)%/"01'2"-%
*"3'#"0'#4%%

.-17"2-89':% %

S1"29"2%*1"2%
R-)G0#1G%M'C)#%

\)+)"#GN%O2+010(0)%
5RM\O6%%

0-1"27)P#18G'.% >;<=K;;=W?<;%

M"(-%*1+'C+$1%
BTR%TYY1G)%'Y%

/(G-)"#%R2)#94%%

P"(-8-1+'C+$172(G-)"#8)2)#948

9':%
A<I=E<A=@A?<%

S(#"3%*''$."2% *,/*%% 0]-7-"2-89':% ;<;=>>;=<?IE%

J0("#0%!"-'4% *,/*%% ."-'47-"2-89':% ;<;=>>@=E@K?%

a)2%!GF-)--"2% *,/*%% $.GG-)--"27-"2-89':% ;<;=>>@=<?WA%

Appendix B: Participants and Readers



!$

!"#$% &'(")*+",*-)% .#"*/% 01-)$%

!"#$%&'(#$)%
*'+%,-".'+%/"01'2"-%
*"3'#"0'#4%5*,/*6%

3'(#$)7-"2-89':% ;<;=>>;=?@A;!

B'2%&#'C2%% *,/*% D3#'C27-"2-89':% ;<;=>>@=@E<?%

F"#'-%&(#2+% *,/*%% GH37-"2-89':% ;<;=>>;=I@>;%

J0):)%F'2#"D+'2%% *,/*% G'2#"D+'27-"2-89':% ;<;=>>@=E;K?%

L'29%B"1%
M"(-%JGN)##)#%

O2+010(0)%
4'298D"17P+18GN% %

2*31$/*)$%
4$5"6'7%

*,/*% D):"(#+Q.1GN)-12)7-"2-89':% ;<;=>>@=I;IE%

*42D'2%RDC"#D+%

,(+0#"-1"2%/(G-)"#%

JG1)2G)%"2D%
S)GN2'-'94%

T#9"21U"01'2%
5,/JST6%%

-)D7"2+0'89':8"(%
V>I%5<6%WE@%I@A%

>;W%

!1GN")-%X-(++%
*"C#)2G)%*1:)#.'#)%

/"01'2"-%*"3'#"0'#4%
5**/*6%

X-(++I7--2-89':% %

B'(9%X(-0'2% *,/*%% Y(-0'2Q#'3)#0QD7-"2-89':% ;<;=>>@=?II@%

M"0#1G$%Z#1YY12%
J"2D1"%/"01'2"-%

*"3'#"0'#1)+%5J/*6%%
PH9#1YY7+"2D1"89':% ;<;=K?;=EIWI%

[)"0N)#%["C$12+% *,/*%% N"C$I?7-"2-89':% ;<;=>>;=E<W<%

\)]%[H)-.% *,/*%% NH)-.7-"2-89':% ;<;=>>;=WA@W%

S'.%['-D)2%
/'#0N)#2%J0#)++%
S)GN2'-'91)+%%

N'-D)207."9."8G"% >IA=;K?=WKIE%

\1G$%['-0% ^())2+%_21:)#+104% N'-07.)8`())2+(8G"% >IA=;AA=>KAI%

,$'+%['#:"0N%
[,J%aXaO%,0'.1G%

R2)#94%\)+)"#GN%
O2+010(0)%!

"$'+8N'#:"0N7")$18$Y$18N(% VA>%5I6%AEWWWE>%

M)0)#%['+)."22% *,/*%% P)0)#N7-"2-89':% ;<;=><>=I?A@%

,-"2%[(#D% *,/*%% "HN(#D7-"2-89':% ;<;=>>;=<>A<%

Z)2)%OG)%
T"$%\1D9)%/"01'2"-%

*"3'#"0'#4%5T\/*6%%
OG)ZR7'#2-89':% K>;=;@?=W@??%

Z'#D'2%b"#:12)2% *,/*%% 9H"#:12)27-"2-89':% ;<;=>>;=<KWW%

FN1=FN"29%a"'%
&#''$N":)2%
/"01'2"-%*"3'#"0'#4%%

$"'732-89':% >AI=A??=??E?%

b'2%a"P(+012+$4% *,/*%% H'2$7-"2-89':% ;<;=>>;=WK<<%

\1G$%a(#0U%
M"G1Y1G%/'#0NC)+0%

/"01'2"-%*"3'#"0'#4%%
#H8$(#0U7P2-89':% ;<;=K?;=AA<<%

Z)##4%*"2D)#%
O2+010(0)%Y'#%
S#"2+(#"21(.%

R-).)20+%5#)0D86%%

*,/BR\7O**8X\% AA=?@>=WI><W<%

,29(+%*"C+'2% *,/*%5#)0D86%% "G-"C+'27G43)#.)+"8G'.% %

!)1!)1%*1%
%

,#9'22)%/"01'2"-%
*"3'#"0'#4%%

.-17"2-89':% %

S1"29"2%*1"2%
R-)G0#1G%M'C)#%

\)+)"#GN%O2+010(0)%
5RM\O6%%

0-1"27)P#18G'.% >;<=K;;=W?<;%

M"(-%*1+'C+$1%
BTR%TYY1G)%'Y%

/(G-)"#%R2)#94%%

P"(-8-1+'C+$172(G-)"#8)2)#948

9':%
A<I=E<A=@A?<%

S(#"3%*''$."2% *,/*%% 0]-7-"2-89':% ;<;=>>;=<?IE%

J0("#0%!"-'4% *,/*%% ."-'47-"2-89':% ;<;=>>@=E@K?%

a)2%!GF-)--"2% *,/*%% $.GG-)--"27-"2-89':% ;<;=>>@=<?WA%

!"#$%"&'$()*& +,-+&& .$()*/($0(12)3& 4546778698:;&

<=0&'>?(=(($0& +,-+&& @.>>(=(($0/($0(12)3& 454677865;AB&

,.C"&'CD%$& +,-+&& $.CD%$/($0(12)3& 454677869:75&

'C">E&'=*=%& F-+&& .C">E=((1.=*=%/C0(12)3& A5:64AB698;A&

G$0H*&-$0D"$H& IG-+&& 0$0D"$H%@/)%0(12)3& :74648;6;;8J&

'C>E$=(&-$D"$DC& +,-+& 0$D"*/($0(12)3& 454677868558&

&
G)K=%"&IH=""=&

L0C3=%DC"*&)M&
?$(CM)%0C$N&!$0"$&

O$%K$%$&&

IH=""=/=02C0==%C021#>DK1=H#& :546:9B6B4A4&

PE).$D&Q%)MM=0& +,-+& "R%)MM=0/($0(12)3& 45467746748B&

ST&G$)& +,-+& H3%$)/($0(12)3& 45467786;478&

G)0&G)22=&
&

-$"C)0$(&G=D=$%>E&
?)#0>C(N&?$0$H$&&

G)01G)22=/0%>12>1>$&
7JB64:;6::JJN&
U;B9:9&

S$3=&G#H($0H&
-#>(=$%&G=2#($")%*&

?)#0>C(&&
S$3CH1G#H($0H/0%>12)3& &

V)E0&!$%%$)& +,-+&& D$%%$)/($0(12)3& 454677465;:J&

V$>@&!E($>E"=%&
&

+,-+& DE($>E"=%/($0(12)3& 45467746J:::&

!$%$&!>)""& +,-+& DD>)""/($0(12)3& 45467746:JA7&

<#%"&!C>@$M#D& +,-+& @#%"/($0(12)3& 45467746:JA7!

W$("&!)..=%& +,-+&X%="HY&& Z[D)..=%/M%)0"C=%0="10="& &

'$%C#D&!"$0& +,-+& .$D"$0/($0(12)3& 45467786:8A7&

'$(>)(.&!")>@D& IG-+& D")>@D2./)%0(12)3& &

VC.&!"#KKC0D&
L0C3=%DC"*&)M&F((C0)CD&

$"&L%K$0$6
?E$.R$C20&XLL?Y&&

D")>@D2./)%0(12)3& &

'C0&P$02& +,-+& ."$02/($0(12)3& 45467746J;8A&

V=MM&P=%%*&
F((C0)CD&F0D"C"#"=&

)MP=>E0)()2*&
"=%%*\/CC"1=H#& 7B56A4A6985:&

]=$"E=%&T)(^& +,-+& E3)(^/($0(12)3& 45467746;B85&

V$.=D&W$((& _QGF&& \Z$((/=R%C1>).& 85;64946A749&

O%C$0&WC%"E& L?N&O=%@=(=*&& KHZC%"E/0#>1K=%@=(=*1=H#& 4J567;A64B;J&

QEC(&WC"E=%D&
PE=&L0C3=%DC"*&)M&
'$0>E=D"=%&&

REC(CR1ZC"E=%D/.$0>E=D"=%1$>1
#@&

`;;&J7J&B57&::8A&

SC="=%&W)(M& F-+& HC="=%1Z)(M/C0(12)3& A5:64A76:B9;&

!


